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Abstract
The quantum critical phenomenon of CeCu6−xAux (x =0.1) [gold-doped cerium
copper six] presents a host of intriguing puzzles: In particular, the dynamic
susceptibility showing E/T-scaling with a fractional exponent of 0.75 is a surprise
and is clearly inconsistent with the established approach developed by Hertz, Millis,
and Moriya (HMM). Interestingly, the phase diagram of CeCu6−xAux [gold-doped
cerium copper six] also suggests a zero temperature structural phase transition,
raising the possibility of a structural quantum critical point (QCP). To provide a
further insight into the unconventional quantum criticality and to investigate the
possibility of a structural QCP, related materials including CeCu6−xTx (T = Ag, Pd)
[palladium/silver-doped cerium copper six] and LaCu6−xAux [gold-doped lanthanum
copper six] have been studied.
This comprehensive study, largely based on neutron scattering measurements,
shows that the series CeCu6−xTx (T = Ag, Pd) [palladium/silver-doped cerium
copper six] are magnetically identical to the CeCu6−xAux [gold-doped cerium copper
six] despite considerable differences in the doping dependence of the structural
properties. Furthermore, in CeCu6−xAgx [silver-doped cerium copper six], the
dynamic susceptibility fits well with a single phenomenological equation that yields
E/T scaling with a similar anomalous exponent, α [al pha]= 0.72(1). The key result
is rather than a single fluctuation there are two competing magnetic fluctuations
that correspond to an incommensurate and a commensurate wave-vector. Only
the incommensurate fluctuations appear to go critical at the QCP. While the total
dynamic susceptibility displays an unconventional E/T scaling, the critical part of
vii
the dynamic susceptibility is consistent with the framework of the conventional
HMM model suggesting that the exotic physical behavior is the consequence of a
competing noncritical term in the spectrum.
In LaCu6−xAux [gold-doped lanthanum copper six], the orthorhombic-monoclinic
structural phase transition temperature is suppressed linearly with Au-doping sug-
gesting the presence of a zero-temperature structural phase transition. Consistent
with this observation, the heat capacity is enhanced at the critical composition. First
principles calculations indicate that the structural instability is elastic in nature.
This suggests a new type of QCP in LaCu6−xAux [gold-doped lanthanum copper six]
where quantum zero point motion of atoms suppresses an elastically ordered phase
of matter.
viii
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Chapter 1
Overview of the Thesis
Matter exists in different phases and the transition from one phase to another
is a common phenomenon in our daily life. For example, ice melts into a liquid
when heated, and a permanent magnet loses its magnetization above a critical
temperature. The phase transitions that we experience in everyday life are driven
by the thermal fluctuations of atoms or spins. The phenomenon of a continuous
thermal phase transition can be explained by classical statistical mechanics, which
are also called classical phase transitions. Several aspects of a classical continuous
phase transition can be explained by a conventional approach proposed by Landau-
Ginzburg[15]. This approach is based on the idea of an order parameter – a local
observable quantity that is finite in the ordered state and measures the relative
order of the ordered state near the critical point. The order parameter is zero in the
disordered phase. Near the critical point, the order parameter is small; therefore,
the thermodynamic potential can be written as a Taylor expansion of the order
parameter.
While the Landau-Ginzburg approach provides an analytical way to charac-
terize a phase transition, it fails to describe the temperature dependence of the
thermodynamic quantities in many systems. One of the major weaknesses of this
approach is that the role of long wavelength fluctuations is completely ignored in the
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critical phenomenon. However, at the continuous phase transition, the divergence
of correlation length is expected and the collective critical behavior depends on
the correlations integrated over an infinitely large region. This issue was partly
addressed by a renormalization group approach proposed by Wilson, incorporating
the role of long wavelength fluctuations up to the correlation lengths[16]. The theory
of phase transition developed by Landau, Ginzburg and Wilson (LGW) is still widely
used to understand thermal phase transitions.
Using the idea of the Landau-Ginzburg theory and the renormalization meth-
ods proposed by Wilson, Hertz later pioneered the theoretical foundation for the
Quantum phase transition[17]. Unlike the classical phase transition, quantum
phase transitions are driven by quantum fluctuations and take place in the absence
of thermal energy (i.e., at zero temperature). Of particular interest here is the
idea of a continuous quantum phase transition that occurs at a quantum critical
point (QCP). Theoretical understanding of the antiferromagnetic quantum critical
point (QCP) was further advanced by Millis[18, 19, 20]. Moriya developed a self-
consistent renormalization (SCR) method to study the properties of QCPs at finite
temperature[21, 22]. The collective version of the approach suggested by Hertz,
Millis, and Moriya (HMM) is considered the conventional model of a metallic QCP.
In the past few decades, many magnetic systems that host a QCP have been
studied, and it has been clear from the experiments that several aspects of QCPs
do not fit into the paradigm established by HMM model[1]. In the meantime,
a number of alternative theoretical perspectives have been developed for a more
complete understanding of the quantum critical phenomenon. Despite considerable
interest in understanding QCPs, the situation even within the limited scope of Ce-
based heavy fermion QCPs is decidedly unclear. For instance, in the heavy fermion
system CeCu6−xAux, the standard approach developed by HMM fails to account
for experimental observation[23, 24, 25]. In particular, the fractional exponent
α = 0.75 in the E/T scaling of the dynamic susceptibility in CeCu6−xAux (x = 0.1)
is clearly inconsistent with the conventional HMM model[24, 25]. While there are a
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few different theoretical interpretations of this unconventional behavior, a broader
experimental assessment in these systems is essential. Another important issue
is that previous studies were focused within the limited examples of the magnetic
QCPs and other areas of QCPs that can provide a much broader context to the
quantum critical phenomenon remain unexplored. To fill some of these voids, this
dissertation seeks to solve some of the puzzles in understanding the quantum critical
phenomenon.
This dissertation provides a comprehensive study of the structural and magnetic
properties of the heavy fermion series CeCu6−xTx (T = Ag, Pd). These systems
are magnetically similar to the unconventional QCP system CeCu6−xAux. Con-
sistent with the previous thermodynamic measurements[10, 13], neutron diffrac-
tion measurements demonstrate that CeCu6−xAgx and CeCu6−xPdx host a mag-
netic QCP at x ∼ 0.2 and x ∼ 0.05, respectively. However, the doping depen-
dence of the structural properties is notably different between CeCu6−xAgx, and
CeCu6−xPdx. In CeCu6−xAgx, the structural phase transition decreases with Ag-
composition until the monoclinic phase is completely suppressed at x = 0.1. In
contrast, the structural phase transition is almost unperturbed by Pd-substitution
in CeCu6−xPdx. Inelastic neutron scattering measurements of the magnetic QCP
composition CeCu5.8Ag0.2 show a strange pattern of dynamic magnetic correlations
in the (H 0 L) scattering plane. The dynamic susceptibility at the different
temperature, wave-vector, and energy fits well with a single phenomenological
equation that yields E/T scaling with an almost identical exponent α= 0.72(1). This
phenomenology provides a superior fit to the measurements as compared to available
theoretical models. A further analysis of the inelastic neutron scattering (INS)
measurements provides insight into the origin of the peculiar structure observed
in CeCu5.8Ag0.2. The diffuse pattern of magnetic scattering comprises of at least two
different antiferromagnetic correlations at two wave-vectors Q1 = (0.65 0 0.3) and
Q2 = (1 0 0). Only the fluctuations at Q1 appear to be critical at the QCP. The critical
part of the dynamic susceptibility shows an agreement with the conventional HMM
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model. This observation suggests that the unconventional behavior observed in the
CeCu6−xAgx can be due to the additional noncritical term in the spectrum. From
the study of the non-magnetic series LaCu6−xAux, the possibility of a new type of
quantum critical phenomenon – an elastic QCP – has been experimentally identified.
Notably, the elastic QCP in LaCu6−xAux can be decoupled from electronic properties
and, therefore, is an ideal system to further study the general behavior of a QCP
without the additional complication.
The organization of this dissertation is as follows: Chapter 2 gives an overview
of QCPs in the heavy fermion system. The unconventional quantum criticality of the
heavy fermion series CeCu6−xAux is described in detail. A summary of potential
theoretical models is presented. Chapter 3 deals with the methods of sample
preparation and neutron scattering techniques. Chapter 4 describes a comprehensive
study of the structural and magnetic phase transitions in CeCu6−xTx (T = Ag, Pd).
Chapter 5 describes the discovery of an elastic QCP in LaCu6−xAux. Chapter 6
presents an investigation of the critical spin dynamics of the critical composition
CeCu5.8Ag0.2 in addition to comparisons to theoretical models.
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Chapter 2
Introduction
2.1 Quantum Critical Point
A phase transition that occurs at zero temperature is called a quantum phase
transition, which requires a non-thermal control parameter such as pressure,
magnetic field, and chemical doping. A point in the phase diagram where a
continuous quantum phase transition occurs is known as a QCP. Although the QCP
is at zero temperature, the influence of quantum fluctuations remains up to the
finite temperature within the limit where the characteristic quantum energy scale
ħωQ dominates the thermal energy scale kBT. The region near the QCP where
the influence of quantum fluctuations is dominant is called the quantum critical
region (Fig. 2.1). In this region, the inherent quantum nature of the fluctuations
engenders fundamentally different critical behavior than that of a classical critical
point. Therefore, many interesting properties not arising in the classical systems
emerge in the proximity of a QCP.
Several aspects of QCPs are intimately related to other interesting physics
problems. Particularly interesting examples belong to the materials in which the
correlation between electrons is important. The following are a few examples:
many exotic properties of matter emerge in the vicinity of a QCP[26, 27, 28];
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Figure 2.1: Examples of phase diagrams showing (a) a classical phase transition and
(b) a QCP. The classical phase transition occurs as the thermal fluctuations lead to
a random orientation of the spins. A QCP occurs as a non-thermal parameter g
tunes the phase transition to occur at zero temperature. Dashed lines indicate the
boundary of the quantum critical region. The quantum critical region near the QCP
is dominated by fluctuations that are quantum mechanical in nature. This figure is
taken from ref. [2].
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the unconventional superconducting state in many heavy fermion systems occurs
in the proximity of a magnetic QCP[29, 30]; and, some authors have proposed
that high-Tc superconductivity in pnictides and cuprates are associated with a
QCP hidden beneath their superconducting dome[31, 32, 33], etc. In all these
systems, the underlying physics is dominated by a QCP and understanding quantum
critical phenomena is crucial to explicating the mechanism behind these complicated
problems.
A QCP is fundamentally different from a classical critical point. For the latter, the
static and dynamic properties are independent, and the static properties determine
the universality class of the phase transition. However, for a QCP, the dynamic
critical behavior is inseparable from the static critical behavior.
At a QCP, both the correlation time ξτ and correlation length ξL diverge as follows,
ξL ∼ |r|−ν, ξτ ∼ ξz (2.1)
where r is the distance from QCP and represents the temperature or a non-thermal
control parameter. The critical exponents ν and z characterize the quantum critical
behavior of the system. These critical exponents also appear in other thermodynamic
ratios. For example, in a pressure tuned QCP, the ratio of thermal expansion to molar
specific heat capacity can be defined as Grüneisen ratio (Γ) at constant pressure [34].
Γ= α
Cp
(2.2)
Here, Vm is the molar volume. For T → 0, the divergence relation can be expressed
as,
Γcr(T = 0, r)=Gr|r|−1 (2.3)
Γcr(T, r = 0)=GT |T|−1/νz (2.4)
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The temperature exponent of a Grüneisen ratio gives the value of the product νz,
providing an alternate route to characterize the QCP.
2.2 Quantum criticality in Heavy fermion systems
The phrase Heavy fermion is related to the huge effective mass of electronic
quasiparticles. The quasiparticles are the pseudoparticles that represent electronic
excitations near the Fermi surface. Due to the interaction among electrons,
quasiparticles acquire a large effective mass in a heavy fermion material. The large
effective mass of the quasiparticles is manifested in thermodynamic properties, in
which a large value of the Sommerfeld coefficient is observed in electronic heat
capacity. For metals, the electronic heat capacity is expected to be linear with
temperature. i.e.,
Cel /T ≈ γ (2.5)
where the measurement of the Sommerfeld coefficient (γ)
γ= pi
2k2B g(EF )
3
= k
2
BkF m
∗
3
∝m∗ (2.6)
is the most straightforward way to measure the effective mass m∗. The Sommerfeld
coefficient in a common metal such as copper or aluminum is in the order of 1-10
mJ mol−1 K−2. For a heavy fermion material, the Sommerfeld coefficient is much
larger. For example, in CeCu6, γ = 1500 mJ mol−1 K−2. This value is three orders of
magnitude larger than that of common metals.
Local moments and Kondo Effect
A simple model for heavy fermion behavior considers the dual nature of the electrons.
In some instances, the electrons exhibit localized behavior in which case the electrons
are restricted to a region around the ion cores and are not allowed to wander. The
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spins of the localized electrons appear as tiny magnets called local moments. The
second aspect is the itinerant character of electrons in which electrons are free
to wander and propagate through a material. Such itinerant electrons are also
called conduction electrons. The interaction between local moments and conduction
electrons at a high temperature is generally negligible; therefore, the spins are
randomly oriented to form a paramagnetic state. At a low temperature, the strength
of interaction dramatically increases, and the strong hybridization of the local
moments and conduction electrons leads to heavy fermion behavior.
This hybridization, however, does not typically drive a magnetic order, but rather
the conduction electrons form a cloud of opposite spin via a mechanism known as
Kondo effect, which occurs due to an exchange interaction between an isolated local
moment S and conduction electron spin s[35]. The interaction Hamiltonian can be
written in the following form,
H = JS.s (2.7)
where J is the exchange coupling between local moments and conduction electrons.
This interaction often causes the spins of conduction electrons to align antiparallel to
a local moment. Therefore, the local moments are screened by an antiferromagnet-
ically aligned cloud of conduction electron spins. This screening results in a Kondo
singlet.
J. Kondo showed that the strength of the Kondo interaction grows logarithmically
with decreasing temperature[35].
J(T)= J+2J2ρln
(
D
T
)
(2.8)
where ρ is the density of state (DOS) for conduction electron and D is the band width.
Equation 2.8 provides an explanation of why some metals with dilute magnetic
impurities show an upturn in resistivity with decreasing temperature[35].
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Doniach Phase Diagram
A heavy fermion material consists of a periodic arrangement of local moments
interacting with the conduction electrons. This interaction forms a dense array
of Kondo singlets, which is called Kondo lattice. The conceptual framework of a
Kondo lattice was created by Doniach, who explained the Kondo lattice problem
using an example of a one dimensional system[36, 37]. Doniach argued that the
interplay of the local moments and conduction electrons can be categorized into
two distinct interactions. First is the Kondo effect, which favors a nonmagnetic
ground state. The second is an indirect exchange interaction between local moments
through conduction electrons known as the Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction, which favors a magnetically ordered ground state. Within the Doniach
framework, the two scales representing the Kondo and the RKKY interactions are
expressed as the following[36].
TK =De−1/(|2Jρ |) (2.9)
TRKKY = J2ρ (2.10)
When Jρ is small, TRKKY becomes larger than TK , and the system favors
an antiferromagnetically ordered ground state. For a large value of Jρ, the
Kondo temperature (TK ) is larger than TRKKY , and the system favors a non-
magnetic ground state. When the exchange coupling J is varied, there should be
a continuous transition at zero temperature that separates an antiferromagnetic
ground state with a Kondo dominated state. The competition between Kondo and
RKKY interaction is portrayed in the Doniach diagram as shown in Fig. 2.2.
The competition between these two interactions provides a natural way to tune a
particular system to a magnetic QCP. Experimentally, various techniques including
pressure, field, and chemical substitution can be employed to tune heavy fermion
materials to a magnetic QCP.
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Many heavy fermion materials are found close to a magnetic QCP. As the energy
scales are low and crystal quality is often high, several heavy fermion materials have
become prototype examples of quantum criticality. For example, CeCu6, CeCu2Si2,
CeNi2Ge2, YbRh2Si2 can be tuned to a QCP[1].
2.3 Spin Density Wave Quantum Critical Point
Hertz proposed a theoretical explanation of a ferromagnetic QCP in metallic systems
using the classical Landau-Ginzburg theory and the Wilson renormalization group
methods. This approach is based on the concept that the statics and dynamics are
intricately mixed at the QCP and can not be solved separately[17]. The generalized
free energy functional is a function of both space and imaginary time; the later
being in the interval [0 -i/T][17]. This additional dimension enters the free energy
functional as an extra spatial dimension z, where z is a dynamic exponent[17].
Loosely speaking, a QCP in d dimensions is similar to a classical critical point in
d+ z dimensions. When the effective dimension exceeds the upper critical dimension
dc = 4, the spin fluctuations display a mean field behavior at the QCP[17].
Subsequent work by Millis expanded the theoretical framework of the Hertz
model to antiferromagnetic QCPs[18, 19]. Further, Moriya developed a SCR
formalism that can be implemented to solve QCP problems[21, 22]. The approach
suggested by Millis and Moriya provides a way to determine the dependence of bulk
thermodynamic observables on external parameters. The temperature dependence
of some thermodynamic properties is given in Table 2.1.
For an antiferromagnetic QCP, the dynamic exponent z = 2, and the magnetic
susceptibility can be written as[19, 22],
χ(T)∝

T, For 2D
T3/2, For 3D
(2.11)
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Figure 2.2: Doniach phase diagram. When the Kondo energy scale is smaller than
the RKKY energy scale (TK <TRKKY), the ground state is antiferromagnetically or-
dered. When the Kondo energy scale overcomes the RKKY energy scale(TK >TRKKY),
a non-magnetic heavy fermion state is formed. A QCP occurs between these two
regimes. Figure taken from Ref. [3].
Table 2.1: Temperature dependence of the thermodynamic observables near an HMM
QCP. Symbols αcr, Ccr, ρcr and Γcr represent the critical part of thermal expansion,
heat capacity, resistivity and Grüneisen ratio, respectively. Table is taken from Ref.
[1].
d=2 d=3 d=2 d = 3
z=2 z=2 z =3 z=3
αcr ∼ lnln 1T T1/2 ln 1T T1/3
Ccr ∼ T ln 1T −T3/2 T2/3 T ln 1T
ρcr ∼ T T3/2 T5/3
Γr,cr ∼ lnln
1
T
T ln 1T
−T−1 T−2/3 ln 1T
(
T2/3 ln 1T
)−1
12
When the dynamics of the system are considered, the dynamic susceptibility takes
the form
χ(E,T)= 1
Γ(T)− iE (2.12)
where Γ(T) is the spin relaxation rate. In antiferromagnetic systems, Γ(T) varies
as
Γ(T)∝

T, For 2D
T3/2, For 3D
(2.13)
Using equations 2.12 and 2.13, the dynamic susceptibility takes the following form,
χ(E,T)∝

T−1
1−iE/T =T−1 g(E/T), For 2D
T−3/2
1−iE/T3/2 =T−3/2 f (E/T3/2), For 3D
(2.14)
The functions g(x) and f (x) in the equation 2.14 are the scaling functions that
characterize two-dimensional and three-dimensional SDW QCPs, respectively.
The approach proposed by HMM is considered the conventional approach to a
metallic QCP. In this case, only the fluctuations of the order parameter are involved
in the critical phenomena. This approach considers scattering of quasiparticles by
spin fluctuations and does not incorporate the role of electronic degrees of freedom
in the quantum critical phenomena. Therefore, the evolution of Fermi surface is
continuous and the Kondo temperature remains finite at the QCP[38]. The QCP is
formed as a spin density wave (SDW) type of instability is developed at the QCP*.
Therefore, a HMM QCP is also called a spin density wave QCP.
Many aspects of heavy fermion QCPs are consistent with the 3D SDW QCP.
The experimental realization of this theory is observed in several thermodynamic
quantities. Some heavy fermion systems exhibiting a QPT completely satisfy the
predictions of the HMM model. For example, an antiferromagnetic QCP showing
*Here, the phrase spin density wave should not be confused with an antiferromagnetic order
associated with the nesting of the Fermi surface. Instead, it refers to the strong scattering of
quasiparticles at the hot-spots of the Fermi surface
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a divergence of Grüneisen ratio with an exponent x = 1[39]; a ferromagnetic QCP
NixPd1−x showing a power law dependence of resistivity ρ∝ Tn with exponent n =
5/3[40]; a field induced antiferromagnetic QCP in CeCu2Ge2 showing E/T3/2 scaling
of dynamic susceptibility[41]; are all consistent with the HMM model. However,
under certain circumstances, the model proposed by Hertz does not completely
describe the characteristics of a system[23, 24, 25]. One of the best examples that
flouts the predictions of the HMM model is the CeCu6−xAux, in which a different type
of critical behavior is observed at the quantum phase transition. The details of this
system are explained in the following section.
2.4 Properties of CeCu6−xAux
At room temperature, the end member CeCu6 crystallizes in an orthorhombic
structure as shown in the Fig. 2.3[4]. The orthorhombic unit cell contains four
formula units of CeCu6 in which Ce and Cu atoms occupy one general and five special
sites. Ce atoms sit in one of the special 4c sites. Cu atoms occupy the 8d site (Cu1)
and four 4c sites (Cu2, Cu3, Cu4 and Cu5)[4]. This orthorhombic structure undergoes
a monoclinic distortion (space group: P21/c) near 220 K. The distortion results in a
loss of mirror symmetry for the Cu1 site, while the point symmetry of the remaining
sites is preserved in the monoclinic structure. Resonant ultrasound spectroscopy
(RUS) measurements indicate that the structural phase transition takes place with a
gradual softening of transverse elastic constant C66 [42] and that the corresponding
transverse acoustic phonon mode becomes soft at the phase transition[43]. These
observations suggest the structural phase transition is continuous CeCu6.
The ground state of CeCu6 is a non-magnetically ordered state[44, 45]. The
absence of magnetic ordering is due to the strong hybridization between localized
4 f and itinerant 3d-electrons, which is intimately related to the heavy fermion
behavior. Heavy fermion behavior in CeCu6 is apparent in thermodynamics and
transport measurements, which show a high value (γ = 1.45 J/K mol) of electronic
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Figure 2.3: Room temperature crystal structure of CeCu6 reproduced using the
parameters from Ref. [4].
15
heat capacity, T2 dependence in resistivity (ρ), and the occurrence of residual positive
mangetoresistivity[46]. All these properties of CeCu6 are the characteristics of a non-
magnetically ordered heavy fermion compound.
INS measurements of CeCu6 show the presence of strong dynamic magnetic
correlations at low temperature[47, 48, 49]. The correlations appear as a diffuse
pattern in the (H 0 L) scattering plane[9]. The magnetic scattering is almost every-
where in reciprocal space and can be categorized as an overlap of two independent
terms: The first term is due to the single site spin fluctuations that arise from
excitation of Ce3+ local moments. This term constitutes almost 90% of the spectral
weight[47, 48, 49]. The localized component of the excitation spectrum appears as
a Q−independent term in the reciprocal space and is quasielastic. The Lorentzian
width of the quasielastic scattering is 0.42 meV at 25 mK, which corresponds to a
Kondo temperature of ∼5 K. This estimation is fairly close to the values obtained
from other techniques[50]. The second term is due to the correlated fluctuations that
represent the intersite correlation of Ce3+ moments. This term is peaked at two
wave-vectors: Q = (0.85 0 0) and Q = (0 1 0)†. At both wave-vectors, the fluctuations
are peaked at an energy transfer of 0.25 meV at low temperatures[47, 48]. The
correlation lengths and time saturate below 1 K[47, 48, 49]. This lack of divergence
is consistent with the non-magnetic ground state[44, 45].
The correlated fluctuations are predominately longitudinal, and no transverse
fluctuations are reported in the literature[47, 48, 49]. The absence of transverse
fluctuations suggests that the ground state of CeCu6 has a local Ising anisotropy
along c-axis. This anisotropy is consistent with the field dependence of magnetic
fluctuations, which shows that a small magnetic field of 2.5 T applied along c-
axis dramatically suppresses the correlations. Furthermore, thermodynamic and
†Note that the wave-vectors have been translated to orthorhombic notation for easy comparison
with other compositions.
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transport measurements of CeCu6 indicate a strong anisotropy with the mag-
netization being in the ratio of 1:2:10 along with b : a : c-axis of orthorhombic
structure[46, 50, 51].
Although the end member CeCu6 does not magnetically order, magnetic order
can be induced by partially substituting Cu with a larger element such as Au. Long
range incommensurate magnetic order develops near xc ≈ 0.1 in CeCu6−xAux. The
magnetic structure consists of Ce3+ moments along the c-axis. The amplitude of
the spins is modulated with an incommensurate propagation vector. The size of the
ordered moment near the QCP is roughly 0.1 µB/Ce, but increases up to 1 µB/Ce
at higher Au-compositions[52]. While this magnetic structure is considered to be
valid throughout the series, the propagation vector of magnetic structure changes
dramatically with Au doping[52, 53, 54, 55, 56]. For x = 0.2 (i.e, the composition
nearest to the QCP studied by neutron diffraction), short range order at the wave-
vector Q = (0.8 0 0) with a long range incommensurate order at Q = (0.625 0 0.275)
is reported‡[6, 8, 52, 57]. For a slightly higher Au-doping, x = 0.3, the short range
order disappears and only long range incommensurate order at Q = (0.625 0 0.275)
is observed[6, 8, 52]. For higher doping (x >0.5), long range order continues to
exist, although the wave-vector crosses over to Q = (0.59 0 0) [6, 8, 52, 58]. A
similar evolution of the propagation vectors is observed in the pressure dependence
of magnetic structure in CeCu6−xAux[59].
From the perspective of the crystal structure, the evolution of long range order
appears to be due to the expansion of unit cell volume. When Cu is partially
substituted by Au, the expansion along the a and c axis results in an overall increase
in the unit cell volume proportional to Au composition. Interestingly, an Au atom in
CeCu6−xAux sits in only one of the special sites Cu2 until this particular site is fully
occupied[60]. The reason behind this exclusive site preference is not fully understood
‡Note that the short range order in CeCu5.8Au0.2 can also be due to the inelastic contribution to
the diffraction.
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although it appears to be due to the larger volume around Cu2 site as compared to
other Cu sites[7].
The orthorhombic-monoclinic transition observed in CeCu6 is a common feature
of the RCu6 (R = Rare earth) series. Studies in various members of RCu6 have
demonstrated that this type of transition is continuous[7, 42, 43, 61, 62]. In the phase
diagram of CeCu6−xAux, the continuous orthorhombic-monoclinic phase transition
can be tuned to occur at zero temperature (Fig. 2.4), raising the intriguing possibility
that zero temperature structural transition gives rise to a new type of quantum phase
transition: the structural quantum critical point (SQCP).
A prominent aspect of the CeCu6−xAux phase diagram that has not received
enough attention is the doping dependence of the structural phase transition. The
structural transition temperature in CeCu6−xAux falls linearly with Au concentra-
tion and disappears at x ∼ 0.13[5]. This composition is very close to the magnetic
QCP described earlier. Thus, structural degrees of freedom may play an important
role in the anomalous quantum critical behavior of the CeCu6−xAux system. Because
of this, Robinson et al suggested that the structural critical point and magnetic QCP
coexist at x = 0.1, which suggests the possibility that CeCu6−xAux hosts a quantum
multicritical point and that both the structural and magnetic degrees of freedom are
coupled[5]. The role of structural degrees of freedom is one of the key questions this
dissertation addresses.
2.5 Quantum Criticality in CeCu6−xAux
As shown in the Figs. 2.5 and 2.6, the diffuse patterns of dynamic magnetic
correlations do not significantly change with Au-substitution[9]. For both composi-
tions — at the QCP and at the magnetically ordered region of the phase diagram
— the pattern of dynamic scattering is very similar to the parent compound[9],
which rules out the possibility that a doping induced disorder is the origin of the
peculiar structure[9]. This diffuse pattern is widely interpreted as evidence of the
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Figure 2.4: Phase diagram of CeCu6−xAux showing structural and magnetic phase
transitions. The structural transition temperatures (TS) decrease upon alloying
with Au. The extrapolation of TS with x suggests that the monoclinic structure is
completely suppressed near x ≈ 0.13. Antiferromagnetic order emerges with Au-
substitution with a magnetic QCP occurring at x ≈ 0.1. TS and TN are taken from
several sources[5, 6, 7, 8].
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two-dimensional character of the magnetic fluctuations[54, 63]. Interestingly, the
intensity of the dynamic scattering is peaked at the wave-vectors that correspond
to the propagation of the long range magnetic order for different compositions of
CeCu6−xAux. However, it is not clear whether the peculiar structure originates from
the multiple critical wave-vectors[54, 63].
Many aspects of the QCP in CeCu6−xAux are unique among heavy fermion
systems[24, 25]. The defining signature of the unique behavior is the fractional
exponent in E/T scaling of dynamic susceptibility. The QCP composition x = 0.1
fits well with a phenomenological scaling relation in the form χ
′′
(E,T) = T−αg
(
E
kBT
)
giving an anomalous fractional exponent α = 0.75[24, 25]. Thermodynamic and
transport measurements consistently attest the unconventional nature of the QCP:
the heat capacity over temperature diverges logarithmically; and the resistivity
varies linearly with temperature, contrary to the expectations for a 3D HMM QCP.
Although the E/T scaling can be understood within a 2D SDW picture, the fractional
value of a scaling exponent is not expected for both 2D and 3D HMM QCP[24, 25].
While the quantum critical phenomenon of CeCu6−xAux is unconventional, the
magnetic field tuned QCP in the same series appears to be more consistent with a
three dimensional SDW QCP[64, 65, 66]. In CeCu6−xAux, a field tuned QCP can
be achieved by suppressing the magnetic order with the field. Thermodynamic
and transport measurements show that the nature of the field driven QCP in
CeCu6−xAux is characteristically different from the composition tuned QCP. In the
field tuned QCP, resistivity scales as ρ ∝ T3/2 at low temperatures, and the heat
capacity over temperature shows a power law behavior with equation C/T ∝pT[66]
results which are significantly different from the composition tuned QCP described
earlier. Furthermore, the dynamic susceptibility scales with the relation χ
′′
(E,T) =
T−α f
(
ω
kbTβ
)
with (a = 1.5, β = 1.5) is consistent with the three dimensional SDW QCP
in CeCu6−xAux[64, 65].
The above discussion of dynamics of spin fluctuations in CeCu6−xAux points
to several unresolved questions that if answered will lead to new understanding.
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Figure 2.5: Two dimensional contour plots showing the dynamic magnetic
correlations in (a) the parent compound CeCu6, (b) QCP composition CeCu5.9Au0.1,
and (c) the magnetically ordered composition (TN ≈ 0.2 K) CeCu5.8Au0.2. CeCu6 and
CeCu5.8Au0.2 were measured with an energy transfer of E = 0.15 meV. CeCu5.9Au0.1
was measured with E = 0.1 meV. For all compositions, a similar diffuse pattern of
magnetic correlations is observed with the rod shaped structure. This plot is taken
from Ref. [9].
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Figure 2.6: Constant energy scans along [0 0 1] for (a) the parent compound
CeCu6 scanned at E = 0.15 meV (b) QCP composition CeCu5.9Au0.1 scanned at E =
0.1 meV. (c) A magnetically ordered composition (TN ≈ 0.2 K) CeCu5.8Au0.2 scanned
at E = 0.15 meV. This plot is taken from Ref. [9].
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Previous studies suggest that while the critical fluctuations associated with the field
tuned QCP in CeCu6−xAux are three dimensional, the fluctuations in composition
tuned QCP are considered two dimensional. Furthermore, in the composition
tuned QCP, some aspects attributed to unconventional character are based on the
assumption that the fluctuations are two-dimensional. This assumption, however,
heavily relies on the rod shaped structure of diffuse magnetic correlations observed
during INS measurements; but no compelling experimental evidence exists to
support this assumption. This lack of evidence raises an important question
regarding whether the correlations are truly two dimensional, or if the diffuse
pattern has a different origin.
2.6 Quantum Critical Point in CeCu6−xTx (T = Ag,
Pd, Pt, Sn)
Similar to Au doping, magnetic order in CeCu6 evolves with partial substitution
of Cu by other transition metal elements. Previous work suggests that magnetic
order can be induced by partially substituting Cu with heavier transition elements
such as in CeCu6−xAgx, CeCu6−xPdx, CeCu6−xSnx, CeCu6−xPtx [10, 13, 67]. In
all these systems, the crossover from a non-magnetic heavy fermion state to an
antiferromagnetic ground state takes place with the appearance of non-Fermi liquid
behavior, which is a common hallmark of heavy fermion systems at a QCP[10, 13, 67].
The evolution of magnetic order in these series is attributed to the expansion of unit
cell volume, which stabilizes the Ce3+moment. For the same reason, Ni substitution
in CeCu6−xNix decreases the crystallographic unit cell volume and does not lead to
magnetic order[13].
Being isoelectronic to the well-known QCP system CeCu6−xAux, the doping series
CeCu6−xAgx has earned more attention than the remaining CeCu6-derived QCPs.
CeCu6−xAgx hosts a composition tuned QCP and the field tuned QCPs, which are
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Figure 2.7: Phase diagram of CeCu6−xAgx showing the dependence of magnetic order
with field and Ag composition. At zero filed, a magnetic QCP in CeCu6−xAgx occurs
at x = 0.2. Taken from Ref. [10].
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shown in the three dimensional phase diagram (Fig. 2.7). Similar to CeCu6−xAux,
the field tuned QCP CeCu6−xAgx is characteristically different from the composition
tuned QCP. In the field tuned QCP of CeCu6−xAgx, the C/T varies as a square
root of temperature and resistivity is proportional to T1.5, which is very similar
to the field tuned QCP in CeCu6−xAux and is generally understood as a 3D SDW
QCP[12]. At the composition tuned QCP CeCu5.8Ag0.2, the heat capacity displays
a logarithmic divergence of C/T with decreasing temperature; and resistivity is
proportional to T2 at low temperatures, similar to the composition tuned QCP in
CeCu6−xAux[10]. Furthermore, the ratio of heat capacity to thermal expansion,
the Grüneisen ratio, diverges more weakly than expected for a 3D SDW QCP,
suggesting that the critical behavior of the composition tuned QCP in CeCu6−xAgx is
inconsistent with the conventional 3D SDW QCP§[14]. In summary, the physical
behavior of the CeCu6−xAgx and the CeCu6−xAux series is broadly consistent.
2.7 Understanding E/T-scaling
The observation of E/T scaling with an anomalous fractional exponent at the
composition tuned QCP in CeCu6−xAux has prompted a debate as to correcting the
understanding of the quantum critical phenomenon. Recently, several theoretical
approaches have been proposed to explain this observation. This section provides a
brief introduction to the theoretical models and summarizes the scaling equations
derived on the basis of their formalism.
2.7.1 Local QCP
This approach considers a continuous disappearance of a local energy scale at the
QCP[68, 69]. Here, the local energy scale represents the local moments that couple
§Note that the Grüneisen ratio measurement was performed on a polycrystalline sample[14] and
that the strongly anisotropic character of CeCu6−xAgx may be responsible for the deviation from
conventional behavior. A similar study on a single crystal would be illuminating.
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with electrons to form a Kondo singlet in the paramagnetic side of the phase
diagram. Due to the hybridization of local moments and conduction electrons,
the paramagnetic side of the phase diagram is characterized by a large Fermi
surface, and heavy fermion behavior is apparent in the thermodynamic and transport
measurements. Due to the breakdown of the local energy scale at the QCP, there is
a substantial change in the degree of hybridization of local moments and conduction
electrons. Hence, in the magnetically ordered side of the phase diagram, local
moments can interact with each other. The change in the hybridization results in a
sudden change in the Fermi surface, and discontinuities in the electronic properties
are expected at the QCP. This type of critical behavior is only expected when the
fluctuations are 2D[68, 69]. For a system with three dimensional fluctuations,
magnetic coupling along a third direction does not allow a complete suppression of
local energy scale and leads to a conventional HMM behavior[70].
The locally critical phenomenon is due to the contribution of critical fluctuations
that arise from a continuous disappearance of local energy scale in addition to the
long wavelength fluctuations of the order parameter[68, 69].
Using an extended dynamical mean field theory (EDMFT) calculation, the
magnetic susceptibility is given by[68, 69],
χ(Q,E,T)= 1
f (Q−Q0)+ATαM (E/T)
(2.15)
where Q0 is an ordering wave-vector. The scaling functionM has a form[68, 69].
M (E/T)= exp[αψ(1/2− iE/2piT)] (2.16)
Here, ψ is the diagamma function. The exponent α is expected to be a non-integer.
Depending on the details of the approximations used, the exponent α is predicted
to be between 0.72 to 0.83[71, 72, 73]. The dynamic susceptibility is expected to
be distributed over a large region of the Q−space. The Q dependent term near the
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antiferromagnetic wave-vector is expected to vary as[68, 69],
f (Q−Q0)≈ 1(Q−Q0)2
(2.17)
Using equation 2.15, the static susceptibility can be written as,
χ(T)= 1
Θ+ATα (2.18)
which demonstrates that the same scaling exponent α appears as a power law
exponent in the static susceptibility. Here, Θ is a positive constant that carries a
similar meaning as that to the Weiss temperature in Curie-Weiss law.
At an ordering wave-vector, Q=Q0, the Q−dependent term f (Q−Q0) in equation
2.15 vanishes. The dynamic susceptibility in this case takes the following form,
χ(Q0,E,T)= 1ATαM (E/T) (2.19)
which yields E/T−scaling.
2.7.2 Strong-coupling QCP
In the conventional approach described by HMM, the role of electronic degrees
of freedom is completely ignored. This issue is addressed by the strong cou-
pling approach, which assumes strongly interacting quasiparticles with the long
wavelength fluctuations of the order parameter. Based on this approach, the
Kondo temperature remains finite at the QCP and local moments survive in the
magnetically ordered state. Due to strong coupling between quasiparticles and long
wavelength fluctuations of the order parameter, the critical behavior is modified from
HMM behavior.
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The strong-coupling of the magnetic fluctuations and quasiparticles leads to a
scaling equation[74, 75],
χ′′(q,E,T)= ξ2φ(x, y) (2.20)
where, ξ∝ T−1/z, x=E/T, y= qξ, and
ζ= (x2+a2)η/2 (2.21)
φ(x, y)= x/ζ
2(x)
(1+S(Q−Q0)T−3/4)2+ [x/ζ2(x)]2
(2.22)
For d-dimensional spin fluctuations, the dynamic critical exponent and the exponent
η is related by,
z= 2
(1−2η) =
4d
3
(2.23)
The Q-dependent function S is expected to be a quadratic function of Q−Q0,
where Q0 is an antiferromagnetic wave-vector. At Q=Q0 the equation 2.20 reduces
to an E/T scaling.
χ′′(E,T)=T−3/4 f (E/T) (2.24)
where the scaling function,
f (E/T)= (E/T)/[((E/T)
2+a2)]1/8
1+ (E/T)/[((E/T)2+a2)]1/8 (2.25)
reduces to an (E/T)3/4 scaling when E/T >> a. Here, a is a constant, which is expected
to be in the order of unity.
This model predicts the temperature dependence of some thermodynamic quanti-
ties. The heat capacity at QCP should follow the power law equation in the following
form
C/T ∝T(2d+1−2z)/z (2.26)
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The critical part of susceptibility can be written as
χ−χ(Hc,0)∝−T1−1/νz (2.27)
The temperature dependence of Grüneisen ratio takes the following form
ΓG ∝T(z−2d−1)/z (2.28)
2.7.3 Dissipative XY QCP
The dissipative XY model presents a fundamentally new type of quantum critical
behavior[76]. This model evaluates critical behavior in terms of topological exci-
tations, which is a significantly different approach compared to the local QCP and
the strong coupling approach that are based on renormalized spin fluctuations.
The critical point according to the dissipative XY model is driven by a topological
pseudoparticle called warps. A warp is a charge neutral entity, which consists of a
charge monopole symmetrically surrounded by antimonoples. A QCP occurs with the
dissipation of warps[77].
This model predicts that the magnetic fluctuations are separable in space and
time[76, 78], i.e. the magnetic fluctuations are separable function of E,T and Q.
This prediction implies that the E/T scaling is expected to occur everywhere in
the scattering plane[76, 78]. The separability of Q and E,T also suggest that the
correlation lengths remain independent of energy transfer at fixed temperature[76,
78].
The dynamic susceptibility according to XY-dissipation model takes the form[76,
78],
χ′′(Q,E,T)=−χ0 tanh
(
E
2T
)
F(Q−Q0) Fu
(
T
κE
)
Fl
(
E
Ec
)
(2.29)
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where, the function Fu
(
T
κE
)
represents a deviation from a QCP. At the QCP, Fu
(
T
κE
)
=
1. The Q dependent term takes a Lorentzian form expressed as,
F(Q−Q0)∝ 1
κ2q+|Q−Q0|2
(2.30)
30
Chapter 3
Research Techniques
This chapter focuses on the fundamentals of material preparation and neutron
scattering techniques. The polycrystalline samples for various composition of
CeCu6−xTx (T = Ag, Pd) and LaCu6−xAux were prepared using arc melting. Single
crystals were synthesized using a Czochralski process in a tri-arc furnace. The
details on the synthesis of large single crystals are described. An overview of neutron
scattering techniques is presented with a brief introduction of typical instruments
used in the dissertation research described in the following chapters.
3.1 Material Synthesis
Single crystals and polycrystalline samples of CeCu6−xTx (T = Ag, Pd) and LaCu6−xT′x
(T′ = Au, Ag) were synthesized for this research using the techniques described
below. The polycrystalline samples were measured for structural characterization
and thermodynamic measurements. Single crystals were measured using neutron
diffraction for a more extensive characterization of crystal structure and for the
determination of magnetic structures. Selected single crystals were measured using
INS measurements to understand the spin dynamics.
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3.1.1 Arc-melting
Polycrystalline samples were prepared by arc melting stoichiometric compositions
of elements. An electric arc melting furnace* (Fig. 3.1) was used for this purpose.
The furnace consists of a melting chamber where an electric spark can be produced
in an inert atmosphere. The arc produced in the furnace can easily melt up to 20
g of starting material and reach high temperatures (3500 ◦C), which is well above
the melting point of most elements. To protect from excessive heat and damage, the
interior of the hearth and the furnace wall are water cooled. The furnace chamber is
connected to a vacuum pump and a source of high purity argon supply.
To prepare a polycrystalline sample, a stoichiometric proportion of the starting
elements was placed at the center of the hearth. The cold water supply was turned
on to protect the hearth and furnace from excessive heat. The melting chamber
was purged several times using ultra high purity argon and vacuum pump. A piece
of zirconium metal placed at a corner of the hearth was melted to eliminate the
remaining oxygen from the furnace. The starting elements were then melted, flipped
and remelted at least three times for homogeneity.
3.1.2 Czochralski Process
Named after a Polish scientist, who developed the technique in 1916[79], the
Czochralski process is an ideal way of growing a large single crystal of materials,
particularly those having a high melting point. This process is extensively used in
the large scale manufacturing of single crystal silicon. A Czochralski setup requires
a furnace in which a polycrystalline form of the material can be melted in a crucible.
A tri-arc furnace was utilized for the Czochralski process described here. The
furnace consists of upper and lower water-cooled sections separated by a quartz
window. The upper section contains three drilled holes for holding copper rods. The
electrodes that generate the arc are made of thoriated tungsten rods of diameter
*This furnace is commercially available from Edmund Bühler GmbH.
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Figure 3.1: A Compact Arc Melter MAM-1 commercially available from Edmund
Bühler GmbH. The picture is taken from the web page of Edmund Bühler GmbH.
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Figure 3.2: The tri-arc arrangement in the synthesis laboratory of the Mandrus
Research group.
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32". The electrodes are inserted and attached to the end of copper rods. The
copper rods are mounted with swivel balls that allow vertical as well as angular
movements of the electrodes. Current in the electrodes is controlled by a separate
electrical circuit resistor box, which maintains uniformity of current among the
electrodes. An O-ring fitting system at the center of this section allows a seed
rod to slide and rotate without disturbing the inert atmosphere of the chamber.
Lower section of the furnace consists of a tapered opening in the center, where a
hearth can be inserted and tightly clamped. The hearth consists of a cylindrical
graphite platform surrounded by a tapered copper cylinder. The graphite platform
can rotate with a motor connected at the bottom of the platform. The rotation of
the hearth is externally controlled by a motor controller, which can rotate the hearth
at the speed of 1 revs/min to 100 revs/min. The periphery of the hearth and the
furnace is connected to a cold-water circuit that protects the hearth from excessive
heat. During the growth, the furnace is purged continuously with ultra high purity
of argon. A short video clip demonstrating the growth of CeCu6 can be seen at
https://www.youtube.com/watch?v=DPdc7A5lTes.
I designed a separate crystal puller assembly that can rotate and pull the seed
rod during the growth (Fig. 3.2). The assembly is made of three independent motors.
The first motor rotates the seed rod at a fixed speed of ∼ 40 rev/min. The second
motor is for the vertical motion of the seed rod during the growth. The pulling speed
is externally controlled by the circuit, which can precisely control the speed within
the range of 0.1 mm/hr to 45 mm/hr. This pulling speed is not always practical, for
example, if an initial adjustment of the seed rod is desired at a much faster rate. For
these proposes, a third motor, which can move much faster (∼1 mm/sec) is used.
Prior to the Czochralski process, a large button (∼ 10 g or more) of polycrystalline
material is prepared using arc melting as described in the section 3.1.1. The
polycrystalline button is placed in the center of the graphite hearth. It is always
useful to put the polycrystalline button exactly at the center of the hearth and adjust
the stingers equidistant from the center so that the melting is symmetric. The
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chamber is then purged for 30 minutes with ultra high purity argon additionally
purified by passing through a gas purifier. An electric arc is produced by electric
contact of the stinger with the hearth. When the sample is completely melted, the
seed rod† is lowered down to the melt. The seed rod touches the melt and serves as a
nucleation site for crystal growth. The seed rod is then pulled vertically upward at a
uniform speed of ∼ 20 mm/hr. It is important to note that the tip of the tungsten seed
rod may nucleate multiple crystals that are randomly oriented. To maintain single
crystallinity within a large sample, the nucleated rod is necked down to a smaller
diameter. This necking process eliminates unwanted grains inside a large crystal by
allowing only a single grain to nucleate along the neck. Having a long neck with as
small cross section as possible is desirable. The neck and the crystal grown using
this method are shown in the Fig. 3.3.
Since the starting elements (i.e., Ce, La, and Cu) are extremely sensitive to
oxygen, commercial grade ultra-high purity argon, which contains more than a few
parts per million of oxygen, results in the formation of oxides of cerium and copper
during the growth. These metallic oxides have much higher melting temperatures;
and due to their lower density, a layer of oxide forms at the top of the melt during
growth. The oxides nucleate crystals in random directions, and many tiny crystals
are formed at the end of the growth. For single crystallinity, it is therefore crucial
to maintain a high degree of inert atmosphere in the melting chamber. For this
purpose, a PPM grade dual column inert gas purifier system is used. This purifier
system contains two units. The first unit eliminates oxygen impurities to less than
0.1 parts per million, and the second unit reduces moisture to less than 1 ppm. These
units are connected in series between the furnace chamber and the argon cylinder.
†I used tungsten rod of 332 " diameter as a seed rod.
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Figure 3.3: Single crystal of CeCu5.9Pd0.05 grown by the Czochralski process. The
diameter of top portion of the crystal is intentionally made as small as possible.
The crystal below the neck is verified to be a single crystal from neutron diffraction
measurements.
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3.2 Neutron Scattering
Because neutron scattering techniques are particularly important to the investiga-
tions described in this dissertation, the following sections provide an overview of
some of the most important concepts relevant to the technique. This overview draws
extensively from more comprehensive descriptions as can be found in the references
[80, 81, 82, 83, 84].
The use of neutron scattering has several advantages in the diverse area of
research that involves magnetic materials. Neutrons carry magnetic moment, which
interacts with the spins of unpaired electrons in a material. The ability to interact
with the spins makes neutron scattering a perfect tool for magnetic measurements.
As neutrons do not carry a charge, they can deeply penetrate inside materials.
Neutrons are also suited for diffraction as the interatomic spacing of solids is
comparable to the De-Broglie wavelength of thermal neutrons. Furthermore, the
energy of neutrons is comparable to magnetic and lattice excitations in a solid. All
these properties of neutrons are useful for exploring physics in a wide variety of
materials.
A neutron scattering experiment requires a beam or pulse of the neutrons
incident on a target material. During this process, the neutron exchanges energy
and momentum with the target material. The energy and momentum of neutrons
are conserved during this process, i.e., the amount of energy and momentum lost
or gained by neutrons equals to the energy and momentum of an excitation inside
a material. Thus, by measuring the energy and momentum of scattered neutrons,
an excitation inside the target material can be examined. Scattering can also occur
without an exchange of energy and as such is called elastic scattering. The elastic
scattering provides information on the static properties of the material such as
crystal and magnetic structure.
If ki and kf are the wave-vector of incident and scattered neutron respectively.
The principle of conservation of momentum ensures that the momentum transferred
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Figure 3.4: Scattering triangle showing geometry of neutron scattering. The neutron
is deflected at an angle of 2θ from the incident direction. For elastic scattering,
|ki |=|kf |.
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into the target material is
×Q=×(ki−kf) (3.1)
The quantity Q is the scattering vector. The relationship between ki, kf and Q is
shown in the scattering triangle (Fig. 3.4). The angle 2θ shown in the scattering
triangle is the angle by which the neutron is scattered from the direction of incident
neutrons. Using the principle of conservation of energy, the energy transferred to the
target material is
E =
×2(k2i −k2f )
2m
(3.2)
where, m is the mass of the neutron.
The angle of the scattered neutron can be calculated using the cosine rule.
Q2 = k2i +k2f −2kik f cos(2θ) (3.3)
For elastic neutron scattering measurements (e.g., neutron diffraction), ki = k f ,
which gives |Q| = 2ki sin(θ)= 4pisin(θ)λ (Bragg’s law).
The goal of a neutron scattering experiment is to measure the intensity of
neutrons scattered (per incident neutron) by the sample as a function of energy and
momentum transfer. The probability of scattered neutrons at a particular angle θ, φ
from the incident direction is expressed in terms of the scattering cross section (σ).
If φ is the incident flux of incident neutrons, the partial differential cross section is
defined as[81],
d2σ
dΩdE′
= Nθ,φ,E′
ΦdΩdE′
(3.4)
where Nθ,φ,E′ is the number of neutrons scattered per second into a small solid angle
dΩ along angle θ,φ with final energy E, and dΩ is an angle subtended by the counter
at the target.
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The differential cross section can be obtained by integrating the above equation
dσ
dΩ
=
∫ ∞
0
(
d2σ
dΩdE′
)dE′ = Nθ,φ
ΦdΩ
(3.5)
where Nθ,φ is the number of neutron scattered per second into solid angle dΩ along
θ,φ from incident beam.
In the language of quantum mechanics, the scattering of neutrons from a target
nucleus causes a transition from an initial quantum state | kiλi〉 to a different
quantum state |kfλ f 〉. Using the Born approximation, the probability that a neutron
with an incident wave vector ki interacts with a potential V (r) and scatters with a
wave vector kf is proportional to
∣∣ ∫ eiki.rV (r)eikf.rdr ∣∣2=∣∣ ∫ eiQ.rV (r)dr ∣∣2 (3.6)
where the potential V (r) is the Fermi pseudo-potential given by,
V (r)= 2piħ
2
m
∑
j
b jδ(r−r j) (3.7)
Here, δ(r) is a Dirac delta function, and b j is the scattering length. Van Hove
determined that the differential scattering cross section can be written as[85]
d2σ
dΩdE f
= k f
ki
1
2piħ
∑
i, j
bib j
∫ ∞
−∞
dt〈e−iQ.ri(0)eiQ.r j(t)〉e−iwt (3.8)
Here, the angular bracket (〈..〉) represents a thermodynamic average over all the
available states. The scattering function S(Q,ω) is related to the double scattering
cross section by
S(Q,ω)= 1
N
ki
k f
d2σ
dΩdE f
(3.9)
Equation 3.8 implies that the intensity of scattering is proportional to the Fourier
transform of a function that gives the probability of finding two atoms (or spins) at
a certain distance at a given time. In practice, the dependence of the scattering
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function on energy and Q can be compared to theoretical calculations and other
measurements.
3.2.1 Elastic Neutron Scattering
The elastic diffraction of neutrons tells us how atoms or spins are periodically
arranged in materials. In the elastic scattering process, neutrons do not exchange
energy with the sample. Therefore, the scattered neutrons carry no information
about the dynamics of the system.
Similar to x-ray diffraction, Bragg’s law provides the condition for elastic neutron
diffraction.
2d sin(θ)= nλ (3.10)
Here, d is the spacing of the planes, λ is the wavelength, θ is the glancing angle of
neutrons, and n is an integer.
Considering only the scattering from nucleus, the intensity of scattered neutrons
is proportional to the structure factor S(Q)[81],
S(Q)= 1
N
∣∣ N∑
i
bi e(iQ.ri)
∣∣2 (3.11)
here, the sum is over all the atoms, and bi is the scattering length of an atom at
position ri. In a crystalline material, the periodicity of the crystal structure implies
that the structure factor is non zero only for the integral values of h, k and l.
Therefore, equation 3.11 can be written in the following form:
S(Q)= 2pi
nV
∑
G
δ(Q−Ghkl)
∣∣ N∑
i
bi e(iQ.ri)
∣∣2 (3.12)
The delta function in this equation ensures that the intensity is peaked at Q=Ghkl .
The peak in scattering intensity at Ghkl is commonly called the Bragg peak.
While a diffraction measurement is only intended for elastic measurements, a
non-negligible contribution to the measurement arises due to the motion of atoms. If
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ui denotes the displacement of an atom located at ri, the structure factor in equation
3.12 is modified to the following[81],
S(Q)=N (2pi)
3
v0
∑
G
δ(Q−Ghkl)
∣∣ N∑
i
bi e(i〈Q.ui〉)e(iQ.ri)
∣∣2 (3.13)
here, the factor e(i〈Q.ui〉) is also called as Debye-Waller factor.
Neutron diffraction can be performed for a single crystal or a polycrystalline
sample. For a single crystal diffraction measurement, the sample and detector are
moved to achieve Q=Ghkl , and the intensities of different Bragg peaks are recorded.
For the measurement of polycrystalline samples, the structure factor is averaged
over all possible crystalline orientations. The Bragg peaks are observed at angles
that satisfy the condition |Ghkl | = 4pisin(θ)λ . The crystal structure is then determined
by comparing model structures to the measured diffraction pattern.
3.2.2 Magnetic scattering
Magnetic neutron scattering results from the interaction of the magnetic moment of
neutron with the magnetic field produced by unpaired electrons in the sample. If
B(r) is the local magnetic field of unpaired electrons due to both the spin and the
orbital moment of unpaired electrons, the interaction potential in reciprocal space
can be obtained by a Fourier transform of Vm(r).
Vm(Q)=−µn.B(Q) (3.14)
where µn is the magnetic moment of neutron. Disregarding the detailed mathe-
matical calculations, the component of the local magnetic field in reciprocal space
becomes[81]
B(Q)=−µ0Qˆ×M(Q)× Qˆ (3.15)
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Here, M is the Fourier transform of magnetization in momentum space. The quantity
in the right side of above equation represents the component of magnetization
perpendicular to the scattering vector Q. The calculation of M(Q) is complicated; thus
for most purposes, an approximation known as dipole approximation is adopted. The
approximation for a 4 f electron system gives magnetization in the following form:
M(Q)=−gJµB f (Q)J (3.16)
Here, gJ is the Landé splitting factor. f (Q) is known as magnetic form factor. The
magnetic form factor represents the spatial distribution of magnetization inside the
sample.
Following the equations 3.6 and 3.8, it appears that the form factor is squared
in the partial difference cross section for the magnetic scattering. The form factor
dependence of the cross section implies that the intensity of magnetic scattering
decreases as a square of f (Q). An exact derivation of f (Q) is complicated and beyond
the scope of this dissertation.
With the help of equations 3.8 and 3.9, the partial differential cross section for
magnetic scattering; it can be written in the following form,
(
d2σ
dΩdE f
)
m
= (γr0)2 g2 f 2(Q)
k f
ki
Sαβm (Q,E) (3.17)
and
Sαβm (Q,E)=
∑
αβ
(δαβ− QˆαQˆβ)δ(Q−τm)〈Sα0 〉〈sβt 〉 (3.18)
The variables α,β represents the Cartesian components x, y and z. The quantity
Sαβm (Q,E) is the Fourier transform of time dependent spin-spin correlation functions
The scattering function obtained from an INS measurement relates to the
imaginary part of dynamic susceptibility by the fluctuation dissipation theorem by
χ′′
(
Q,E
)=pi(1−e−E/kBT)S(Q,E) (3.19)
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where χ′′ is the imaginary part of generalized susceptibility χ= χ′+ iχ′′. The quantity
(1−e−E/kBT) is the Bose factor.
Also, the real part of the dynamic susceptibility can be derived from the
imaginary part using the Kramers-Kronig relation
χ′(Q,E)= 1
pi
∫ ∞
−∞
χ′′(Q,E′)
E′
dE′ (3.20)
Following equation 3.17 and 3.18, the scattering cross section for elastic magnetic
scattering is expressed as
(
dσ
dΩ
)
em
= (γr0)2N (2pi)
3
Vm0
1
2
gf (Q))2e(−2w)
∑
αβ
(δαβ− QˆαQˆβ)δ(Q−τm)〈Sα0 〉〈sβl 〉 (3.21)
where τm represents the wave-vector of the magnetic sublattice.
Similar to nuclear scattering, the scattered neutrons from a magnetically ordered
system constructively interfere to form a Bragg peak. The position of the magnetic
Bragg peaks depends on the periodicity of the magnetic structure. The relative
intensities of Bragg peaks depend on the magnitude and direction of unpaired
electrons within the crystal structure. The condition for a magnetic Bragg peak
is represented by the relation Q = Ghkl ± τm, where τm is the wave-vector of
the magnetic sublattice. For example, for a simple antiferromagnetically ordered
structure having a magnetic unit cell twice as large as the crystallographic unit cell,
the magnetic Bragg peaks occur at half integer wave-vectors.
Some features of magnetic scattering are considerably different from nuclear
scattering. First, magnetic scattering occurs due to electromagnetic interaction,
which is a long ranged interaction. Therefore, the spatial distribution of magneti-
zation therefore gives the form factor in the cross section of the magnetic scattering;
hence the scattering intensity decreases with Q. In other words, scattering at
a higher Brillouin zone is less intense as compared to scattering at the first
Brillouin zone. On the other hand, nuclear scattering occurs via strong interaction,
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which is a short range (∼ 10−15 m) interaction. Second, magnetic scattering is
strongly temperature dependent, whereas nuclear scattering is almost independent
of temperature‡. Third, the magnetic scattering only captures the component of
spins perpendicular to Qˆ. All these differences are useful in discerning the source
of scattering in a neutron diffraction measurement.
3.3 Instrumentation
Elastic and INS measurements were performed at three different neutron sources:
The High Flux Isotope Reactor (HFIR) and the Spallation Neutron Source (SNS)
located inside Oak Ridge National Laboratory (ORNL) at Oak Ridge, Tennessee, and
the NIST Center for Neutron Research (NCNR) located at Gaithersburg, Maryland.
Neutrons at the HFIR are produced by nuclear fission at the reactor; this is a
conventional technique to produce neutrons for scattering experiments. The SNS
utilizes a technique of neutron production called spallation. The spallation process
begins with the production of protons from a particle accelerator. Pulses of protons
strike a mercury based target system to release neutrons using spallation. The
beam or pulse of neutrons produced from the source is moderated to optimize for
the desired neutron energy.
A wide variety of the instruments are designed to address a diverse set of
scientific problems. The instruments used in this study can be classified into
two main categories: triple axis spectrometer (TAS) and time of flight (TOF)
spectrometer. A brief description of these techniques and the instrument is in the
following sections.
‡The only temperature dependent term in the scattering cross section (equation 3.13) is the Debye-
Waller factor, which does not dramatically change the scattering cross section
46
3.3.1 Triple axis Spectrometers
TASs were initially designed and used by Bertram Brockhouse, who was later
awarded a Nobel Prize in physics for his pioneering work. The phrase Triple
axis refers to three different axes in the instrument: monochromator, sample, and
analyzer. These three axes can be independently controlled for a measurement.
The first axis, the monochromator, selects neutrons of specific energy from a
polychromatic beam of neutrons produced by the reactor. A monochromator is
crystal oriented at a specific angle that can select neutrons of a specific energy
through Bragg diffraction. An ideal monochromator crystal is expected to have large
scattering lengths, a small incoherent cross section, and a low neutron absorption
coefficient. Several common monochromator materials include crystals of copper,
silicon, beryllium, germanium, and pyrolytic graphite. The beam of neutrons
diffracted from the monochromator is incident on the sample. The second axis is
the crystallographic axis of the sample to be measured in an experiment. Generally,
the rotation of the sample is restricted in a horizontal plane; therefore, crystals
aligned in the specific scattering plane is desired. The sample scatters neutrons
in different directions. Those neutrons are diffracted once more by the third axis –
called an analyzer axis – which selects the final energy of the scattered neutrons.
The analyzer is typically a crystal similar to the monochromator crystal and utilizes
Bragg diffraction to choose neutrons having a specified energy to scatter to the
detector.
Figure 3.5 is a schematic diagram of the TAS HB3 located at HFIR of ORNL.
The instrument has three choices for monochromators. The most commonly used
is a pyrolytic graphite monochromator that uses Bragg diffraction from the (002)
plane. For a measurement at higher energies with high resolution, a beryllium
monochromator with (101) reflection can be used. A third option is a silicon
monochromator which reflects via (111) Bragg peak and is free from a higher order
contamination. Additional filters can be used to remove higher order contamination
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Figure 3.5: Schematic digam of HB3 spectrometer at HFIR of ORNL.
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for pyrolytic graphite and beryllium monochromators. The instrument has four
collimator positions arranged as shown in Fig. 3.5. Made of parallel blades of
steel coated with cadmium, a collimator ensures that neutrons beyond a desired
divergence are absorbed and eliminated from the beam. A tighter collimation
increases the resolution of the instrument and in some cases lowers background,
although at the expense of neutron intensity. Therefore, a proper combination of
collimators should be chosen to optimize flux and resolution for each experiment.
The spectrometer can be moved to a specific value of Q and energy by computer
controlled motors, and the intensity of scattered neutrons can be measured as a
function of Q and energy. The measurement is performed either with a fixed incident
wave-vector ki while varying the scattered wave-vector kf or a with fixed scattered
wave-vector kf while varying ki. In practice, scans with fixed-kf are more commonly
used.
3.3.2 Time of flight Spectroscopy
TOF spectroscopy is most commonly used with pulsed neutron sources. As the
neutrons interact with the sample, they exchange energy and momentum with the
sample. As a result, the velocity of the scattered neutron is changed and the neutron
arrives at the detector at a different time. If the neutron loses energy, it spends more
time during the flight; if it absorbs energy from the sample, it takes less time during
the flight. The time of flight (i.e. the time taken by neutrons to travel from sample to
detector) is used to calculate the energy lost by the neutron.
The initial energy of neutrons is selected by a chopper, which is made of neutron
absorbing discs or cylinders with each having a slit or window. When the discs are
rotated in a coupled way, only the neutrons having selected energy can pass through
the discs. By varying the speed and phase of the discs, incident energy of neutrons
can be controlled. The neutrons that pass through the chopper have almost equal
energy.
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Figure 3.6: Schematic of the cold neutron chopper spectrometer (CNCS) at the SNS
of ORNL, Oak Ridge, Tennessee. Picture taken from Ref. [11]
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The cold neutron chopper spectrometer (CNCS) of SNS is an example of a TOF
chopper spectrometer. The layout of the instrument is shown in the Fig. 3.6. There
are four choppers that can be paired in several ways to control the energy of the
incident neutron and the resolution of the instrument. The instrument consists of an
approximately 35 m long neutron guide, in the middle of which is a curved section
that transmits thermal and cold neutrons, but does not pass higher energy neutrons.
The sample area is capable of holding heavy sample environment equipment. A
curved array of detectors is 3.5 m away from the sample position. The detector array
is made of 400 position sensitive 3He tubes that cover the scattering angles from -50◦
to 135◦.
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Chapter 4
Phase diagrams of CeCu6−xTx(T =
Ag, Pd)
A similar version of this chapter is published as, “Structural and magnetic phase
transitions in CeCu6−xTx (T = Ag,Pd) (T =Ag, Pd)”, L. Poudel, C. de la Cruz, A. E.
Payzant, A. F. May, M. Koehler, O. V. Garlea, A. E. Taylor, D. S. Parker, H. B. Cao, M.
A. McGuire, W. Tian, M. Matsuda, H. Jeen, H. N. Lee, T. Hong, S. Calder, H. D. Zhou,
M. D. Lumsden, V. Keppens, D. Mandrus and A. D. Christianson, Phys. Rev. B 92,
214421 (2015) (Reference [86])
This chapter provides the details of structural and the magnetic properties of
CeCu6−xAgx (0 ≤ x ≤ 0.85) and CeCu6−xPdx (0 ≤ x ≤ 0.4) as a function of Ag/Pd-
composition. The structural and magnetic phase diagrams of CeCu6−xAgx and
CeCu6−xPdx as a function of Ag/Pd composition are reported. The end member,
CeCu6, undergoes a structural phase transition from an orthorhombic (Pnma) to
a monoclinic (P21/c) phase at 240 K. In CeCu6−xAgx, the structural phase transition
temperature (Ts) decreases linearly with Ag concentration and extrapolates to zero
at xS ≈ 0.1. The structural transition in CeCu6−xPdx remains unperturbed with Pd
substitution within the range of our study. The lattice constant b slightly decreases
with Ag/Pd doping, whereas, a and c increase with an overall increase in the unit cell
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volume. Both systems, CeCu6−xAgx and CeCu6−xPdx, exhibit a magnetic QCP, at x ≈
0.2 and x ≈ 0.05 respectively. Near the QCP, long range antiferromagnetic ordering
takes place at an incommensurate wave vector (δ1 0 δ2) where δ1 ∼ 0.62, δ2 ∼ 0.25, x
= 0.125 for CeCu6−xPdx and δ1 ∼ 0.64, δ2 ∼ 0.3, x = 0.3 for CeCu6−xAgx. The magnetic
structure consists of an amplitude modulation of the Ce-moments which are aligned
along the c-axis of the orthorhombic unit cell.
4.1 Introduction
Understanding the nature of a QCP remains one of the most topical questions
in condensed matter physics. As explained in the chapter 2, the HMM model is
not sufficient to explain many properties observed in a number of systems near
a QCP[23, 68, 87, 88, 89, 90], and a substantial subset of these systems are
interpreted as hosting a “Local QCP”[23, 38, 68, 90, 91], where the breakdown
of the Kondo-screening leaves the local-moments free to form a magnetic ground
state. Probably, the most interesting example of the “local QCP” is the heavy
fermion series CeCu6−xAux (x ≈ 0.1)[9, 24, 25, 54, 65]. In CeCu5.9Au0.1, the
nature of the spin fluctuation is peculiar and not consistent with the conventional
theory that successfully describes several aspects of many Ce-based heavy fermion
materials[9, 24, 25, 54, 65].
While great attention has been given to the evolution of magnetic properties
with Au doping into CeCu6, less attention has been paid to the evolution of the
structural properties. The CeCu6−xAux system exhibits a structural phase transition
from orthorhombic (Pnma) to monoclinic (P21/c) that can be tuned by pressure
or chemical doping[5, 7]. Previous studies have reported different values of the
structural transition temperature (Ts) for the end member, CeCu6, but are all within
the range 168 K - 230 K[5, 7, 42, 92, 93]. In CeCu6−xAux, Ts decreases linearly with
Au concentration and the structural phase transition disappears beyond the critical
concentration, xS ≈ 0.14, which is close to the magnetic QCP, xQCP ≈ 0.1[7, 94].
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Table 4.1: Lattice parameters and atomic coordinates at room temperature of a)
CeCu6, b) CeCu5.7Ag0.3 and c) CeCu5.7Pd0.3 obtained from Rietveld refinements of
the structural model for the synchrotron x-ray measurements (See Fig. 4.1).
a) CeCu6
Rp: 18.5 Rwp: 21.0 Rexp: 14.3 χ2: 2.1
a = 8.1105(1) b = 5.1000(1) Å c = 10.1622(2) Å
Atom Wyck. x/a y/b z/c Occupancy
Ce 4c 0.2595(4) 0.2500 0.5646(4) 1
Cu1 8d 0.0639(5) 0.5085(12) 0.3075(6) 1
Cu2 4c 0.1469(8) 0.2500 0.8597(6) 1
Cu3 4c 0.3199(8) 0.2500 0.2522(5) 1
Cu4 4c 0.0604(10) 0.2500 0.0993(7) 1
Cu5 4c 0.4063(9) 0.2500 0.0134(7) 1
b) CeCu5.7Ag0.3
Rp: 14.2 Rwp: 16.1 Rexp: 9.43 χ2: 2.93
a = 8.1702(1) Å b = 5.0979(1) Å c = 10.2388(1) Å
Atom Wyck. x/a y/b z/c Occupancy
Ce 4c 0.2605(5) 0.2500 0.5644(3) 1
Cu1 8d 0.0631(5) 0.5007(8) 0.3119(3) 1
Cu2 4c 0.1459(4) 0.2500 0.8593(3) 0.66(1)
Ag2 4c 0.1459(4) 0.2500 0.8593(3) 0.34(1)
Cu3 4c 0.3149(3) 0.2500 0.2512(3) 1
Cu4 4c 0.0608(4) 0.2500 0.1006(4) 1
Cu5 4c 0.4029(5) 0.2500 0.0146(4) 1
c) CeCu5.7Pd0.3
Rp: 15.9 Rwp: 27.9 Rexp: 9.4 χ2: 4.82
a = 8.13412(2) Å b = 5.09530(1) Å c = 10.19498(1) Å
Atom Wyck. x/a y/b z/c Occupancy
Ce 4c 0.2605(5) 0.2500(0) 0.5648(3) 1
Cu1 8d 0.0641(6) 0.5062(15) 0.3093(6) 0.96(2)
Pd1 8d 0.0641(5) 0.5062(15) 0.3093(6) 0.04(2)
Cu2 4c 0.1443(8) 0.2500 0.8583(6) 0.80(2)
Pd2 4c 0.1443(8) 0.2500 0.8583(6) 0.20(2)
Cu3 4c 0.3167(9) 0.2500 0.2528(5) 1
Cu4 4c 0.0586(10) 0.2500 0.0980(8) 0.94(4)
Pd4 4c 0.0586(10) 0.2500 0.0980(8) 0.06(4)
Cu5 4c 0.4030(10) 0.2500 0.0158(7) 1
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Figure 4.1: a) Room temperature x-ray powder diffraction pattern (black dots) plotted
along with the Rietveld refinement (red line) for a) CeCu6, b) CeCu5.7Ag0.3 and c)
CeCu5.7Pd0.3. Vertical green marks are the positions of the structural reflections.
The diffraction patterns were collected at beamline 11-BM at the advanced photon
source (APS) of Argonne National Laboratory (ANL). The values of the refined
parameters are tabulated in tables 4.1 and 4.2. The difference (Iobs – Icalc) is offset
for clarity. Note: the x-axis (Q) is in a logarithmic scale.
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Moreover, one study indicates that the structural transition disappears and magnetic
order emerges at nearly the same point in the phase diagram, raising the possibility
that a quantum multi-critical point at xSQCP ≈ 0.13 is the origin of the unusual
quantum critical behavior in CeCu6−xAux [5]. Consequently, further investigation
of the influence of the structural phase transition on the unconventional nature of
the QCP in CeCu6−xAux is of interest.
Doping CeCu6 with transition metals other than Au offers the opportunity to
explore the nature of the QCP in an expanded parameter space where the structural
and magnetic degrees of freedom can potentially be decoupled. For example,
CeCu6−xAgx[95, 96, 97], CeCu6−xPdx[13], CeCu6−xPtx[13] and CeCu6−xSnx[67] all
exhibit an antiferromagnetic order that evolves with doping. In the Ag/Pt/Pd-doped
systems, deviation from Fermi-liquid behavior is reported at the QCP[12, 13, 98].
Furthermore, in CeCu6−xAgx, thermal expansion measurements indicate that the
divergence of the Grüneisen ratio is much weaker than that expected from the HMM
model suggesting that the critical behavior is unconventional[14].
In this chapter, the first comprehensive neutron and x-ray diffraction inves-
tigation of the structural and magnetic properties of the CeCu6−xAgx and the
CeCu6−xPdx systems are presented. The structural properties were studied using
neutron diffraction, RUS, and x-ray diffraction measurements for different compo-
sitions of CeCu6−xAgx and CeCu6−xPdx. Elastic neutron scattering measurements
were performed for several members of CeCu6−xAgx and CeCu6−xPdx to build a
detailed understanding of the evolution of the antiferromagnetic phase with doping.
The Neel temperatures (TN) obtained from neutron diffraction measurements in
both systems are in agreement with previously published work[12, 13]. The values of
Ts in CeCu6−xAgx decrease linearly with Ag-composition, until the structural phase
transition disappears at the critical concentration, xS ≈ 0.1. In CeCu6−xPdx, no
change in the structural transition temperature is observed for 0 ≤ x≤ 0.4.
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4.2 Experimental Details
Single crystals and polycrystalline samples were synthesized for this study as
described in the section 3.1.1 and 3.1.2. Some polycrystalline samples were annealed
at 750◦C for a week inside a silica tube back filled with argon. No change due
to annealing was observed in the room temperature x-ray diffraction pattern or
magnetization measurements.
For analysis of the antiferromagnetic phase, neutron diffraction measurements
were performed on several compositions of CeCu6−xAgx (single crystals with x = 0.3,
0.35, 0.4, 0.5, 0.75 and polycrystalline samples with x = 0.65, 0.85) and CeCu6−xPdx
(single crystals with x = 0.125, 0.15, 0.4, and polycrystalline samples with x =
0.25, 0.35, 0.4). Approximately 10 g of polycrystalline sample was used for each
measurement. The polycrystalline samples were ground inside a glove box and held
inside a cylindrical aluminium container loaded in a 3He refrigerator. The single
crystal measurements were performed with ≈ 0.5 g samples. Each single crystal was
pre-aligned using the neutron alignment station (CG-1B) at the HFIR of ORNL. All
the samples were measured using the TASs HB-1A, HB-1, HB-3, and CG-4C at HFIR
(ORNL) using fixed incident and final energies of 14.7 meV (HB-1A), 13.5 meV (HB-
1), 14.7 meV (HB-3), and 5 meV (CG-4C). A dilution refrigerator provided the sample
environment for these measurements.
The structural phase transitions were characterized using RUS, x-ray, and
neutron diffraction. High-resolution synchrotron x-ray diffraction patterns were
obtained at room-temperature for CeCu6, CeCu5.7Ag0.3, and CeCu5.7Pd0.3 from 11-
BM at APS of ANL using x-rays of incident wavelength, λ ≈ 0.41 Å. X-ray diffraction
patterns on polycrystalline samples of CeCu6−xAgx (x = 0.015, 0.025, 0.065, 0.075)
and CeCu6−xPdx (x = 0.025, 0.25, 0.3) were collected using a PANalytical X’Pert
Pro MPD powder diffractometer. Full patterns were collected at 300 K and 20
K, following which selected peaks were scanned from 10-300 K in 10 K steps for
the characterization of the phase transition. To provide a clear distinction when
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Figure 4.2: Inverse susceptibilities of CeCu6−xTx (T = Ag, Pd) showing Curie-Weiss
behavior. The red solid line is a Curie-Weiss fit to the data. The effective moments
estimated from the Curie-Weiss fits are given in the text.
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discussing the details of the crystal structure: a, b, and c are used for the lattice
constants in the orthorhombic unit cell whereas am, bm, and cm are used for the
lattice constants in the monoclinic unit cell.
To further investigate structural properties, neutron diffraction measurements
on polycrystalline samples of CeCu6−xAgx (x = 0, 0.035, 0.1) and CeCu6−xPdx (x =
0.05, 0.1, 0.4) were performed using the HB-2A powder diffractometer at HFIR using
incident neutrons with wavelength of λ = 1.54 Å. In each case, ∼5 g of polycrystalline
sample was held in a cylindrical vanadium can with Helium as an exchange gas.
The vanadium can was loaded in a top loading closed cycle refrigerator. Diffraction
patterns above and below Ts were collected. A single crystal of CeCu5.95Ag0.05
was measured using the HB-3A four-circle diffractometer at HFIR with an incident
wavelength of λ = 1.003 Å. The temperature dependence of the several structural
peaks was measured to estimate Ts.
The magnetic susceptibilities of several polycrystalline samples (x = 0.05, 0.3,
0.9 and 1.2 of CeCu6−xAgx, and x = 0.05, 0.15, 0.25, 0.35 and 0.4 of CeCu6−xPdx)
were measured using a Quantum Design magnetic property measurement system
(MPMS) between 2 K - 300 K with an applied field of 1 kOe. RUS measurements were
obtained for polycrystalline samples of CeCu6−xAgx (x = 0.025, 0.05, 0.09) using a
custom-designed probe in a Quantum Design physical property measurement system
(PPMS). The temperature dependence of the resonances was measured within the
frequency range 500-1000 kHz.
Rietveld analysis of the x-ray and neutron diffraction patterns was performed
using the FullProf software package[99]. A representational analysis was performed
using SARAh[100] to illuminate symmetry allowed magnetic structures.
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4.3 Results
4.3.1 Characterization
Energy-Dispersive x-ray Spectroscopy (EDS) analysis performed on several samples
indicate that the samples are homogeneous and the elemental composition is in
good agreement with their nominal values. Room-temperature laboratory x-ray
diffraction was used for phase identification and as a check of sample purity.
Synchrotron x-ray diffraction measurements on the sample compositions noted above
were utilized as an additional check of the phase purity of the samples. The only
evidence of an impurity phase in the samples studied here is the presence in the
synchrotron x-ray diffraction patterns of a single unidentified peak smaller than
0.25% of the most intense structural peak of CeCu6. This peak was not observed
in the neutron diffraction or the laboratory x-ray measurements.
DC magnetic susceptibility measurements of several samples are shown in Fig.
4.2. A linear dependence of the inverse magnetic susceptibility is observed over
a large region of temperature indicating Curie-Weiss behavior. Using the Curie-
Weiss relation, χ = χ0 +
NAµ2e f f
3kB(T−θCW ) , the effective values of the magnetic moment
are estimated from the fits of susceptibility data between 200 K − 300 K. The
magnetic moments for different compositions of CeCu6−xTx (T = Ag, Pd) are close
to the expected value (µe f f = 2.54 µB) of the Ce3+ moment and are 2.42(1) µB,
2.43(1) µB, 2.67(1) µB and 2.50(1) µB for CeCu6, CeCu5.65Pd0.35, CeCu5.1Ag0.9 and
CeCu5.85Pd0.15 respectively.
4.3.2 Neutron & x-ray Diffraction
The crystal structure of CeCu6 is known to be orthorhombic with space group Pnma
at room-temperature[4, 60]. The orthorhombic unit cell consists of one general 8d
site and five 4c sites. The Cerium atoms occupy one of the 4c positions whereas
the Cu atoms are distributed among the general 8d and four 4c sites[4, 60]. This
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Table 4.2: Structural parameters of CeCu6−xTx (T = Ag, Pd) extracted from
diffraction measurements at room temperature. The lattice parameters were
obtained from Rietveld analysis.
x a (Å) b (Å) c (Å) Volume (Å3)
CeCu6 x-ray 8.1105(1) 5.1010(1) 10.1622(2) 420.43(1)
0.035 neutron 8.1215(9) 5.0976(6) 10.1775(8) 421.35(3)
CeCu6−xAgx 0.1 neutron 8.1266(6) 5.0972(3) 10.1846(5) 421.87(2)
0.3 x-ray 8.1702(1) 5.0979(1) 10.2388(1) 426.46(1)
0.05 neutron 8.1103(6) 5.0998(4) 10.1649(3) 420.43(2)
0.1 neutron 8.1177(8) 5.0996(5) 10.1727(9) 421.11(3)
CeCu6−xPdx 0.3 x-ray 8.1341(2) 5.0953(1) 10.1950(1) 422.54(1)
0.4 neutron 8.1444(8) 5.0899(4) 10.2042(8) 423.01(2)
crystal structure is used as a model for the analysis of the diffraction patterns of
CeCu6−xAgx and CeCu6−xPdx. All the compositions of CeCu6−xAgx and CeCu6−xPdx
that are studied here are isomorphous to the parent compound CeCu6 at room
temperature. The lattice parameter b slightly decreases with Ag/Pd substitution
while the parameters a and c increase along with an overall expansion of the unit
cell volume in both systems. The synchrotron x-ray diffraction patterns and the fit
obtained from the Rietveld refinements of CeCu6, CeCu5.7Ag0.3 and CeCu5.7Pd0.3 are
shown in Fig. 4.1, and the results of the fit are summarized in Tables 4.1 and 4.2.
The coherent neutron scattering lengths of the dopants, Ag (= 5.92 fm) and Pd
(= 5.91 fm), are close to that of copper (= 7.72 fm). This low contrast coupled with
the small amount of dopants present renders the determination of the site occupancy
with neutron scattering inconclusive. Therefore, high-resolution synchrotron x-ray
diffraction was used for this purpose. Rietveld refinement of the synchrotron x-
ray diffraction measurement indicates that the Ag-atoms in CeCu6−xAgx are not
distributed between different copper sites, but prefer the Cu2 site of the Pnma
structure. This is similar to CeCu6−xAux system, where Au-atoms occupy the
Cu2 site until the site is fully occupied[60, 101]. A different situation occurs in
CeCu6−xPdx, where the Pd-atoms occupy multiple Cu sites. The analysis of the
synchrotron x-ray diffraction pattern shows that the majority of the Pd atoms occupy
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the Cu2 site and the remaining Pd atoms are distributed on Cu1 and Cu4 sites.
The precise value of the Pd-occupancies on all other sites except Cu2 is difficult to
determine as the occupancies on these sites are very small and are near the limit of
what is possible for this analysis. The Pd-occupancies that give the best fit of the
diffraction pattern are shown in Fig. 4.1(c) and are tabulated in the Table 4.1(b).
4.3.3 Structural Phase Transitions
Fig. 4.3 illustrates the different methods used for the characterization of the
structural phase transitions: x-ray diffraction, neutron diffraction, and RUS. To
check the consistency in these measurements and the quality of the samples,
CeCu5.95Ag0.05 was grown in both polycrystalline and single crystal forms and mea-
sured by all three techniques. A small part of the Czochralski-grown single crystal
was measured with neutron diffraction, and different batches of the polycrystalline
samples were measured by x-ray diffraction and RUS. The transition temperature
(Ts) of CeCu5.95Ag0.05 was estimated to be at Ts = 125(1) K using neutron diffraction.
The RUS and x-ray diffraction measurements of the polycrystalline CeCu5.95Ag0.05
yield Ts = 122(1) K and Ts = 125(5) K respectively. This attests to the consistency of
the measurement techniques.
The monoclinic order parameter ((amcm cos(β))2) changes smoothly with temper-
ature near Ts (Fig. 4.4). The structural peaks that are indexed as (h k l) in space
group Pnma split into two structural peaks which are indexed as ( – k l h) and (k l
h) in the monoclinic space group P21/c. The splitting of the structural peaks at Ts
can be explicitly observed in the temperature dependence of the diffraction pattern
as shown in Fig. 4.3(a), where the peaks in Pnma phase split into P21/c-peaks as (1
2 2) → (– 2 2 1) + (2 2 1), (2 2 0) → ( – 2 0 2) + (2 0 2) and (2 2 1) → ( – 2 1 2) + (2 1
2). The splitting of these peaks is also confirmed by single crystal neutron diffraction
measurements, a part of which is shown in Fig. 4.3(b).
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Figure 4.3: The structural transition of CeCu5.95Ag0.05 characterized using a) powder
x-ray diffraction with wavelength, λ ≈ 1.54 Å: The (122), (220) and (221) structural
peaks in the orthorhombic phase split in the monoclinic phase as described in the
text. Note that peaks indexed as (h 0 l) or (0 k l) in the orthorhombic phase
are unaltered, aside from a change of indexing, by the monoclinic distortion. b)
Single crystal neutron diffraction with λ ≈ 1.003 Å: The structural peak (2 2 0) of
orthorhombic phase splits into two structural peaks (2 0 2) and (– 2 0 2) of monoclinic
phase at TS. c) RUS: the square of the resonant frequencies change slope at Ts. A
vertical line in the plot shows Ts. All measurements indicate that the structural
phase transition takes place in CeCu5.95Ag0.05 at TS ≈ 125(5) K.
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Figure 4.4: Monoclinic order parameter ((amcm cos(β))2) of CeCu5.92Ag0.08 obtained
from neutron diffraction measurements. An extrapolation of the order parameter
gives Ts = 62(3) K. A continuous change in the monoclinic order parameter is
observed near TS.
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Figure 4.5: The phase diagrams of a) CeCu6−xPdx and b) CeCu6−xAgx. The
concentration for the occurrence of the magnetic QCP is taken to be the same as
in [12, 13] and is xQCP ≈ 0.2 for CeCu6−xAgx and xQCP ≈ 0.05 for CeCu6−xPdx. In
CeCu6−xAgx, the termination of the structural phase transition occurs at xS ≈ 0.1.
No suppression of the structural phase transition was observed in CeCu6−xPdx for x
≤ 0.4.
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RUS measurements are one of the most sensitive ways of characterizing struc-
tural phase transitions. The resonances occur as the natural frequency of the sample,
which is closely related to its elastic properties, matches the incident ultrasonic wave.
At Ts, the change in the elastic properties of the sample indicates the occurrence of
the structural phase transition. Here, the temperature dependence of the square of
the resonant frequency is used to show the structural phase transition. As shown in
Fig. 4.3(c), the square of the resonant frequency versus temperature has a constant
slope above Ts. The slope of the curve changes continuously at Ts, and the shift in
the resonances below Ts are much weaker as compared to those at above Ts.
The work presented here indicates the structural phase transition from or-
thorhombic to monoclinic phase in CeCu6 occurs at Ts ≈ 240 K, which is somewhat
larger compared to the previous studies[42, 43, 92]. The values of Ts in CeCu6−xAgx
drop linearly with Ag concentration until the structural phase transition disappears
above the critical composition, xS ≥ 0.1(Fig. 4.5(b)). For 0.1 ≤ x ≤ 0.85, no structural
phase transition was observed above 4 K. The suppression of the structural phase
transition due to doping is analogous to CeCu6−xAux, where Ts drops in similar
fashion and the termination of the structural phase transition occurs at a similar Au-
composition, xS ≈ 0.14[5, 7]. However, in CeCu6−xPdx, no change in Ts is observed
with Pd-substitution within the range of our investigation, (0 ≤ x ≤ 0.4). The changes
in the transition temperatures with doping in CeCu6−xAgx and CeCu6−xPdx are
summarized in the phase diagrams presented in Fig. 4.5.
4.3.4 First Principles Calculations
To understand the structural phase transitions, my collaborators performed first
principles calculations using the planewave code WIEN2K [102]. The generalized
gradient approximation (GGA) of Perdew, Burke and Ernzerhof [103] was used, with
sphere radii for the undoped compound of 2.21 Bohr for Cu and 2.50 for Ce. For
the undoped compound, the lattice parameters and angles of the orthorhombic and
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Table 4.3: The relative energies of several configurations for Ag and Pd doping.
Configuration ∆ E (meV/u.c.)
Ag doping – orthorhombic 0
Ag doping – orthorhombic SP -4
Ag doping – monoclinic +95
Ag doping – monoclinic SP +92
Pd doping (Cu2) - orthorhombic 0
Pd doping (Cu2) - orthorhombic SP +1
Pd doping (Cu2)- monoclinic +74
Pd doping (Cu2) - monoclinic SP + 73
Pd doping (Cu1) - orthorhombic 0
Pd doping (Cu1) - monoclinic + 82
Figure 4.6: The calculated DOS of CeCu6 in the orthorhombic and monoclinic
structures.
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Figure 4.7: a) The magnetic reflection at Q = 0.480(3) from a polycrystalline sample
with a composition of CeCu5.75Pd0.25. The inset shows the magnetic reflection from
a a single crystal of CeCu5.85Pd0.15 near the wave vector Q = (0.6243(1) 0 0.2503(1)).
b) and c) Single crystal diffraction measurement of the the (0.62 0 0.3) magnetic
reflection of CeCu5.25Ag0.75 along (0.62 0 L) and (H 0 0.3) at 0.05 K. The red line is a
Gaussian fit to the data constrained by the instrumental resolution. The horizontal
black lines are the calculated instrumental resolution.
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Table 4.4: Compositional dependence of the magnetic wave vector in CeCu6−xAgx
and CeCu6−xPdx.
CeCu6−xAgx
x Q (h k l) [r.l.u.] |Q| (Å−1)
0.85 — 0.499(2)
0.75 (0.615(1) 0 0.302(1)) 0.504(1)
0.65 — 0.501(2)
0.50 (0.633(1) 0 0.296(1)) 0.522(1)
0.40 (0.641(1) 0 0.301(1)) 0.521(1)
0.35 (0.645(2) 0 0.300(1)) 0.518(1)
0.30 (0.646(1) 0 0.297(1)) 0.529(1)
CeCu6−xPdx
x Q (h k l) [r.l.u.] |Q| (Å−1)
0.40 (0.577(1) 0 0.228(1)) 0.469(1)
0.40 — 0.449(3)
0.35 — 0.466(6)
0.25 — 0.480(4)
0.15 (0.624(1) 0 0.250(1)) 0.509(1)
0.125 (0.624(1) 0 0.253(1) 0.510(1)
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monoclinic phases reported by Asano et al. has been used[104], and relaxed the
internal coordinates until forces were less than 2 mRyd/Bohr.
For the calculations of Ag and Pd doping, several assumptions were made. As
detailed in Table 4.2, in the high temperature orthorhombic phase, for a doping level
x = 0.1, the structures for CeCu5.9Ag0.1 and CeCu5.9Pd0.1 are very similar, differing
in volume by less than 0.2%. Since even at this doping level the observed low-
temperature structures are very different (orthorhombic for Ag doping, monoclinic
for Pd doping), the effect of charge doping was isolated from the small structural
differences by using the same lattice parameters and internal coordinates for Ag
doping and Pd doping. In each case, one of the 24 Cu atoms in the unit cell was
replaced by Cu or Pd. Since there is a substantial site preference for Ag doping in
this case, the Cu2 site was used for the substitution. For Pd doping, two separate
sets of calculations were done, with the Pd atom at the Cu1 and Cu2 sites.
For CeCu6, the monoclinic structure has an energy 33 meV per unit cell lower
than the orthorhombic structure, consistent with experimental observation. Despite
this energy difference, the changes in electronic structure are scant. Figure 4.6 plots
the calculated densities-of-states (DOS). In both cases, there is a DOS peak slightly
above the Fermi level, attributable to the Ce states, along with a large contribution
between 2 and 5 eV beneath EF . The Fermi level DOS, at 31.53/eV - u.c. for the
orthorhombic cell and 30.82/eV - u.c. for the monoclinic, changes by only 2%.
The relative energies of the doped compounds are presented in table 4.3. The non-
spin polarized (NSP) orthorhombic state was chosen as the zero of energy. To make
the spin-polarized (SP) calculations tractable, a ferromagnetic Ce configuration was
used rather than the actual antiferromagnetism. The calculations correctly predict
the suppression of the monoclinic state with Ag doping - the monoclinic state lies 95
meV higher in energy than the orthorhombic state, and including spin polarization
does not appreciably change this result. The spin polarized (SP) orthorhombic state,
with Ce moment 0.34 µB, is the groundstate, 4 meV beneath the NSP orthorhombic
state and well below both monoclinic states.
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In contrast to the experiment, the calculations predict a suppression of the
monoclinic state in CeCu6−xPdx system. For Pd doping on the Cu2 site this state is 74
meV above the orthorhombic state, and including spin polarization does not remedy
this. A similar result is obtained for doping on the Cu1 site (spin polarization was
not checked), with an 82 meV energy difference.
While the reason for this disagreement is not known, it likely arises from the
heavy fermion state, which tends to confound mean-field based density functional
theory (DFT). For example, for the base CeCu6, our calculated T-linear specific heat
coefficient γ is 18.2 mJ/mol-K2, much smaller than the observed value of between
840 and 1600 mJ/mol-K2 [105]. However, since the calculations correctly predict the
ground state of CeCu6, and that for Ag doping, one still has hope for the ability of
first principles calculations to describe this system.
One plausible way forward would be to explicitly include correlations through an
LDA+U approach or an LDA+DMFT approach, as considered by Shim et al [106]
for CeIrIn5. Such approaches would likely tend to yield effective masses in better
agreement with experiment, as well as more accurate related quantities such as the
relative energies of the orthorhombic and monoclinic states. LDA+DMFT approaches
have been applied, with a fair degree of success, to structural properties of Ce itself
[107, 108, 109, 110] and it is anticipated that similar success can be achieved with
LDA+DMFT in studying Ag and Pd doping of CeCu6.
4.3.5 Magnetic Phase Transitions
Using the information obtained from the study of the polycrystalline samples
together with the CeCu6−xAux literature, magnetic reflections in the (h 0 l) scattering
plane were measured in CeCu6−xAgx and CeCu6−xPdx (for example see Fig. 4.7).
For simplicity and ease of comparison with the work presented here on CeCu6−xAgx
as well as the extensive work on CeCu6−xAux, the small monoclinic distortion (less
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than 2◦) in CeCu6−xPdx is neglected and orthorhombic notation is used to discuss the
magnetic properties.
The magnetic Bragg reflections occurs at the points in the reciprocal space that
satisfies the condition Q = τ ± ki (i = 1, 2), where τ represents a nuclear reciprocal
lattice vector and ki are the incommensurate propagation vector, k1 = (0.62 0 0.3) ,
or the symmetry equivalent k2 = (0.62 0 −0.3). The magnetic propagation vector for
CeCu6−xAgx is only weakly dependent on composition. The change in the magnitude
of the propagation vector with doping appears to be more pronounced in CeCu6−xPdx
as presented in Table 4.4.
The intensity of a structural or a magnetic peak collected with a triple-axis
instrument is the convolution of the Bragg intensity with the instrumental resolution
function. The software package ResLib[111] was utilized to estimate the instrumen-
tal resolution and thereby enable the extraction of resolution corrected intensities
using the Cooper-Nathans approximation[112]. For CeCu5.25Ag0.75 the calculated
instrumental resolution is indicated by the horizontal lines in Fig. 4.7(b) and 4.7(c).
The instrumental resolution is not isotropic in the scattering plane and results in an
elliptically shaped Bragg peak (e.g. inset of Fig. 4.7(a). The magnetic Bragg peaks
observed for all compositions are found to be resolution limited, consistent with the
presence of the long range magnetic order.
Table 4.5: Basis vectors from representational analysis of space group Pnma with
k= (0.62, 0, 0.3). The Ce-site is separated into four orbits given by 1: (0.2586, 0.25,
0.5636), 2: (0.2414, 0.75, 0.06360), 3: (0.7414, 0.75, 0.4364), 4: (0.7586, 0.25, 0.9364).
The decomposition of the magnetic representation for each of the four orbits is ΓMag =
1Γ11+2Γ12. Symbols m‖a m‖b m‖c denote the projection of the magnetic moment along
the a, b and c-axis respectively.
IR BV BV components
m‖a m‖b m‖c im‖a im‖b im‖c
Γ1 ψ1 0 1 0 0 0 0
Γ2 ψ2 1 0 0 0 0 0
ψ3 0 0 1 0 0 0
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Figure 4.8: Temperature dependence of the intensity of the magnetic peak ((0.62 0
0.25) for CeCu6−xPdx and (0.64 0 0.3) for CeCu6−xAgx) normalized to the structural
(0 0 2) peak in (a-e) CeCu6−xPdx and (f-j) CeCu6−xAgx. The red line is a fit to the
the data with a power law equation of the form y = y0+ A(T −TN)2β. β was fixed
to the mean field value of 0.5 and TN was allowed to vary in order to estimate the
transition temperature. The estimated values of TN are a) 1.20(1) K, b) 1.07(2) K, c)
0.88(3) K, d) 0.52(1) K, e) 0.43(1) K, f) 0.74(2) K, g) 0.51(1) K, h) 0.38(1), i) 0.24(1) K,
j), and 0.14(1) K.
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Figure 4.9: a) The magnetic structure of CeCu5.5Ag0.5. Each box represents a
structural unit cell that contains four Ce-atoms as indicated by the red spheres. The
length and direction of the arrows shows the magnitude and direction of the moment,
respectively. All Ce-moments point along the c-axis of the orthorhombic unit cell.
The amplitude of the moment is modulated along the wave vector (0.62 0 0.3). The
observed and calculated intensities for the magnetic structure is displayed in b) and
c) for CeCu5.5Ag0.5 and CeCu5.6Pd0.4 respectively. d) Compositional dependence of
the ordered moments in CeCu6−xTx (T = Ag, Pd). The magnetic structure determined
for CeCu5.5Ag0.5 and CeCu5.6Pd0.4, was assumed to be the same for the remaining
members of each series. The QCP occurs at x = 0.05 for CeCu6−xPdx and x = 0.2,
for CeCu6−xAgx. A point shown as a triangle indicates a composition for which the
magnetic moment was not completely saturated and thus the full moment value will
be somewhat larger.
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After the correction for instrumental resolution, magnetic peaks were normalized
to the intensity of the nearby structural peak (0 0 2). The resulting order parameter
data is used to characterize the magnetic phase transition. The Neel temperatures
(TN) are estimated by fitting the power law equation, y = y0 + A(T − TN)2β. At
temperatures close to TN , some rounding of the order parameter is observed. The
two most likely reasons for this are the presence of critical scattering or a small
compositional variation leading to a distribution of TNs. If the rounding is entirely
attributed to compositional variation, this indicates a spread of ∆TN ≤ 20%, which,
with reference to the phase diagram (Fig. 4.5), would imply a compositional variation
of ∆x ≤ 0.02. On the other hand, a departure from the behavior of a QCP and
the associated expectation of mean field behavior (β = 0.5) may be the result of
the recovery of classical critical behavior and the presence of critical scattering at
temperatures close to TN . With the currently available data, these two possibilities
could not be unambiguously distinguished. Therefore, the value of β was restricted
to the mean field value of 0.5. Mean field behavior has previously been observed
near the QCP in other heavy fermion systems[52, 54, 59, 113]. This is likely due
to the change in the effective dimension of the system as the quantum dynamics
influences the static critical properties–one of the most prominent distinctions from
a counterpart classical phase transition. The fits of the order parameter, for
several compositions of CeCu6−xAgx and CeCu6−xPdx, agree well with the mean-field
approximation, as shown in figure 4.8.
To check the consistency with prior work utilizing magnetic susceptibility and
heat capacity to determine TN [13, 14, 95], a heat capacity measurement was
performed for CeCu5.5Ag0.5. This gives TN = 0.51(1), which is identical to the value
extracted from fitting the order parameter (TN = 0.50(2)) as well as previously
published heat capacity measurements [14, 95]. For all other compositions, the
estimated values of TN from the fit of the order parameter are in good agreement
with the magnetic susceptibility and heat capacity measurements of previous
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studies[13, 14, 95]. The estimated values of TN in CeCu6−xAgx and CeCu6−xPdx
are incorporated in the phase diagrams presented in Fig. 4.5.
For the wave vector k1 = (0.62 0 0.3) and space group Pnma, representational
analysis indicates the four equivalent Ce positions in the unit cell split into separate
orbits as given by 1: (0.2586, 0.25, 0.5636), 2: (0.2414, 0.75, 0.06360), 3: (0.7414,
0.75, 0.4364), 4: (0.7586, 0.25, 0.9364). Two irreducible representations (IRs) are
found for all four orbits with their basis vectors as listed in Table 4.5. To understand
the magnetic structure in greater detail, the compositions CeCu5.5Ag0.5 (TN = 0.51(1)
K) and CeCu5.6Pd0.4 (TN = 1.20(1) K) were taken. Following the representational
analysis, the first IR, Γ1, restricts the arrangement of Ce-moments to be parallel
to the b-axis. Given that the propagation vector indicates a modulation in the ac-
plane, only a transverse modulation of the magnetic moment is possible under this
representation. Structures of this type can discarded as the observed intensities do
not match with the calculated intensities. The second IR, Γ2, restricts moments to
the ac-plane but limits the possible magnetic structures to those with a modulation of
the magnetic moment amplitude or a cycloidal modulation of the moment direction.
However, the cycloidal model does not account well for the intensities of the observed
magnetic reflections. The remaining possibility is a sinusoidal modulation of the
moment amplitude in the crystallographic ac-plane. To simplify the problem, the
directions of the Ce-moments were constrained to be same for all four Ce-orbits but
the phases were allowed to vary. The best fit under this assumption was obtained
when the moments point along the c-axis with a magnitude of 0.61(1) µB. This yields
the magnetic structure shown in the Figure 4.9(a), which is also consistent with the
previous studies on CeCu6−xAux that report a similar structure based on neutron
diffraction measurements[6, 9, 54, 57, 114]. The comparison between the observed
and the calculated intensities is shown in the Figure 4.9(b).
In contrast to CeCu5.5Ag0.5, the low temperature crystal structure of CeCu5.6Pd0.4
is monoclinic with space group P21/c. The representational analysis of CeCu5.6Pd0.4
using the monoclinic space group along with the corresponding propagation vector
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Qmonoclinic = (0 0.23 0.58) indicates that each orbit constitutes a single represen-
tation with three real basis vectors along am, bm and cm axes of the monoclinic
structure. The fit of the magnetic structure assuming a sinusoidal modulation of the
moment indicates that the moments are pointed along the bm− axis of the monoclinic
structure (c−axis of the orthorhombic structure*), identical to the magnetic structure
of CeCu5.5Ag0.5 described above. The fit of the observed intensity is shown in the
figure 4.9c.
The ordered moment obtained from a neutron diffraction measurement is pro-
portional to the square root of the intensity of the magnetic Bragg peak, which is
generally scaled to the nuclear reflections to provide an absolute value. Assuming
that the magnetic structure doesn’t vary with the doping composition, the moments
of other compositions were determined from a comparison of the normalized mag-
netic intensity with respect to CeCu5.5Ag0.5 and CeCu5.6Pd0.4. For the compositions
near the QCP, a full saturation of the ordered moments was not observed and the
real value of the ordered moment is somewhat larger than the estimated values. The
variation of the magnetic moment with Ag/Pd-composition is shown in the figure
4.9(c).
4.4 Discussion
It is interesting to view the results presented here on CeCu6−xPdx and CeCu6−xAgx
in the context of the structural and magnetic properties of the intensively studied
CeCu6−xAux system. INS measurements at the QCP of CeCu6−xAux show the
presence of critical spin fluctuations peaked at Q = (0.8 0 0), but present in an
extended region of the Brillouin zone in the shape of a butterfly[9, 24]. Interestingly,
the points at the wings of the butterfly correspond to the magnetic ordering wave
vectors observed for different Au-compositions of CeCu6−xAux in the magnetically
*Note that the structural parameters undergo a cyclic change at the orthorhombic-monoclinic
phase transition
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ordered regime[52, 53, 54, 55, 56]. Among all the compositions of CeCu6−xAux that
are reported, the composition x = 0.2, studied by neutron diffraction closest to the
QCP, is the only one which exhibits short ranged magnetic ordering near the wave
vector Q = (0.8 0 0) in addition to a long range magnetic ordering that occurs at
Q = (0.625 0 0.275)[6, 8, 52, 57]. With a slight increase in Au-composition, for x
= 0.3, the short range order disappears and only the long range magnetic ordering
is observed at the wave vector Q = (0.64 0 0.275)[6, 8, 52]. Upon further alloying
with Au, at x = 0.5, the magnetic wave vector exhibits a crossover to Q = (0.59 0 0),
which stays roughly the same for higher Au-composition [6, 8, 52, 58]. However, in
CeCu6−xAgx and CeCu6−xPdx, our studies find no evidence for short range magnetic
order near Q = (0.8 0 0). Furthermore, in CeCu6−xAgx, the magnetic propagation
vector is essentially unchanged for the range of the compositions investigated here
suggesting there is no crossover to a propagation vector near Q = (0.59 0 0) at large
x.
The possibility that the structural degrees of freedom could give rise to a
quantum multicritical point in CeCu6−xAux[5] is interesting and worthy of further
consideration. In the related system, CeCu6−xAgx, the magnetic QCP occurs in the
orthorhombic phase, and is well-separated from the termination of the structural
phase transition. In CeCu6−xPdx, the magnetic QCP occurs in monoclinic phase, and
no structural critical point is observed for x ≤ 0.4. Despite the distinct behavior
of the structural properties of these systems, the magnetic behavior of all three
systems is in many ways similar. In particular, the magnetic structures of all these
systems are identical to each other: The Ce-moments point along the c−axis of the
orthorhombic unit cell and are modulated with an incommensurate wave-vector. The
heat capacity in all three systems appears to exhibit a similar logarithmic divergence
at low temperatures [13, 14, 115], indicating the thermal average of the underlining
critical fluctuations is independent of the structural properties. These observations
suggest that the magnetic QCP is independent of the structural phase transition.
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The orthorhombic-monoclinic structural phase transition in CeCu6 is second
order in nature[93]. There is no evidence either in the temperature dependence
of the monoclinic order parameter (amcm cosβ)2 or in the square of the resonance
frequencies determined from the RUS measurements that the transition becomes
first order with doping (See Fig. 4.3(c) and 4.4). Thus there appears to be the
possibility that a complete suppression of the orthorhombic-monoclinic transition
results in a SQCP. The notion of the SQCP is still emerging and has attracted recent
attention. For example, the (Sr,Ca)3Ir4Sn13 series appears to exhibit a SQCP[116,
117]. Since any SQCP in CeCu6−xAux or CeCu6−xAgx would be complicated by the
presence of a magnetic QCP, investigating other CeCu6-derived systems or their non-
magnetic analogs, such as LaCu6−xAux appear ideal systems in which to further
probe the concept of a SQCP. Further study to investigate the possibility of SQCP in
LaCu6−xAux is presented in chapter 5.
4.5 Conclusions
In conclusion, a comprehensive study of the structural and the magnetic properties
of CeCu6−xAgx and CeCu6−xPdx is reported. Long range incommensurate magnetic
ordering evolves with doping in both systems. The magnetic structure is composed
of a sinusoidal modulation of the Ce-moments which are aligned along the c-axis
of the orthorhombic (Pnma) unit cell. The long range magnetic structure as well
as the size of the ordered moments determined in CeCu6−xAgx and CeCu6−xPdx
are similar to the well known heavy fermion system CeCu6−xAux. Yet, these
systems exhibit several unique structural and magnetic properties. The magnetic
QCP in CeCu6−xAgx occurs in the orthorhombic phase and is well separated from
the termination of the structural phase transition. No substantial change in
the magnetic wave vector is observed with Ag-composition in CeCu6−xAgx. In
CeCu6−xPdx, the magnetic QCP occurs well within the monoclinic phase. Further
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investigations of CeCu6−xAgx and CeCu6−xPdx are essential to understand the
nature of QCP in these systems.
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Chapter 5
Elastic QCP in LaCu6−xAux
A similar version of this chapter is published as, “Candidate Elastic Quantum
Critical Point in LaCu6−xAux”, L. Poudel, A. F. May, M. R. Koehler, M. A. McGuire, S.
Mukhopadhyay, S. Calder, R. E. Baumbach, R. Mukherjee, D. Sapkota, C. de la Cruz,
D. J. Singh, D. Mandrus, and A. D. Christianson, Phys. Rev. Lett. 117, 235701(2016)
(Reference [118])
In this chapter, the structural properties of LaCu6−xAux are presented. Neutron
diffraction, x-ray diffraction, and heat capacity measurements were performed to
study the evolution of structural properties with Au-composition. The continuous
orthorhombic-monoclinic structural phase transition in LaCu6 is suppressed linearly
with Au substitution. A complete suppression of the structural phase transition
occurs at the critical composition, xc = 0.3. Heat capacity measurements at low
temperatures indicate residual structural instability at xc. The instability is ferroe-
lastic in nature, with density functional theory (DFT) calculations showing negligible
coupling to electronic states near the Fermi level. The data and calculations
presented here are consistent with the zero temperature termination of a continuous
structural phase transition suggesting that the LaCu6−xAux series hosts an elastic
quantum critical point.
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5.1 Introduction
Quantum fluctuations in the vicinity of a QCP generate a seemingly inexhaustible
supply of new phases of matter[1, 28, 29, 105, 119, 120, 121, 122, 123]. Although
of great interest, the competing phases typically found near a QCP obscure the fun-
damental critical behavior and consequently a general understanding of such phase
transitions has remained elusive and no concept as powerful as the universality of
classical continuous phase transitions has emerged. Hence, new examples of QCPs
are highly prized as a means of probing the general organizing principles of QCPs.
Thus it is rather surprising, given the immense body of work devoted to the study of
structural phase transitions, that little attention has been given to the concept of a
SQCP. The bulk of previous work on QCPs involving structural degrees of freedom
has been focused on an incipient ferroelectric state[124, 125, 126, 127, 128, 129, 130].
For example, the quantum zero point motion in SrTiO3 acts to prevent the complete
softening of the relevant optic phonon mode resulting in a quantum paraelectric on
the verge of ferroelectricity[131, 132].
Recently, interest in SQCPs has risen. For instance, ScF3 has been discussed as
an example of an SQCP in an ionic insulator[133]. On the other hand, in metallic
systems, there have been several studies of a family of Rameika phase stannides
where a structural phase transition with concomitant changes in the Fermi surface
can be tuned to an SQCP[116, 117, 134, 135, 136, 137, 138]. Here, the problem
of an SQCP is approached from the perspective of a structural phase transition
where elastic instabilities are primarily responsible for the lowering of symmetry
and electronic degrees of freedom are unimportant. This type of transition is similar
to the nematic transition as found in the Fe-based superconductors[139, 140, 141]
where the point group symmetry is lowered without a change in translational
symmetry. The two cases are nevertheless distinct, as the nematic transition in Fe-
based superconductors is strongly coupled to electronic degrees of freedom, whereas
the elastic transition studied here is in the opposite decoupled limit.
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Elastic QCPs, where the quantum zero point motion of the atoms destroys an
elastically ordered state, have been the subject of recent theoretical study[142].
However, examples where electronic degrees of freedom are uninvolved have eluded
study thus far. To remedy this, we have identified the LaCu6−xAux series as a
promising candidate to host an elastic QCP. LaCu6 exhibits a continuous phase
transition from an orthorhombic (Pnma) to a monoclinic (P21/c) crystal structure
at 460 K[43]. A phase transition of this type is a common feature of the RCu6
(R = La, Ce, Pr, Nd, Sm) family including the CeCu6−xAux series which hosts one
of the most studied antiferromagnetic QCPs[1, 7, 24, 25, 42, 43, 61, 62, 63]. The
continuous nature of the orthorhombic-monoclinic phase transition is evidenced by:
a smooth evolution of the monoclinic distortion[61, 62]; a gradual softening of the
C66 elastic constant[42]; a progressive softening of a transverse acoustic phonon
mode[43]; and a continuous change in the linear thermal expansion coefficient[7].
Furthermore, no signature of the structural phase transition is visible in resistivity
measurements[143], suggesting that the electronic degrees of freedom are of little
consequence. Finally, the absence of f−electrons in LaCu6 eliminates complications
due to a magnetic ground state.
In this chapter, a detailed study of the structural properties of the LaCu6−xAux
series as a function of Au-composition will be presented. The structural transition
temperature (TS) in LaCu6−xAux decreases linearly with Au-doping, and extrapola-
tion of TS indicates complete suppression of the transition at the critical composition
xc = 0.3. The low temperature heat capacity is maximum at xc as is typical for
a QCP. DFT calculations show that the Fermi surface is essentially unchanged at
TS and that the structural transition occurs as the result of a zone center elastic
instability. The measurements taken together with the calculations point towards
an elastic QCP in the LaCu6−xAux series.
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5.2 Experimental Details
Polycrystalline samples of LaCu6−xAux were prepared by arc melting stoichiometric
compositions of La (purity ≥ 99.998%, Ames laboratory), Cu (purity 99.9999%,
Alpha Aesar) and Au (purity 99.9999 %, Alpha Aesar) as described in the sec-
tion 3.1.1. Specific heat measurements were performed on selected compositions.
Structural properties for each composition were obtained from Rietveld analysis
of neutron and/or x-ray diffraction patterns. The phase purity of polycrystalline
LaCu6−xAux samples was checked by laboratory x-ray diffraction measurements at
room temperature. The diffraction patterns in LaCu6−xAux corresponded to either
the orthorhombic (Pnma) or the monoclinic (P21/c) phase depending on composition.
For x = 0.15, 0.2, 0.25, additional x-ray diffraction measurements were performed on
a PANalytical X’Pert Pro MPD powder x-ray diffractometer using CuKα,1 radiation
(λ = 1.5406 Å). Full diffraction patterns were collected at room temperature and 20
K, followed by scans around few selected Bragg peaks in 10 K steps to determine the
structural transition temperature, TS.
Neutron diffraction measurements were carried out on polycrystalline samples
(LaCu6−xAux, x = 0.125, 0.265, 0.275, 0.3) with the HB-2A powder diffractometer at
the HFIR of ORNL. Neutrons of wavelength 1.54 Å were used with collimations of
12′−21′−6′ before the monochromator, sample and detector, respectively. Samples
of mass ≈ 5 g were finely powdered inside a glove box and held in a vanadium can
with helium exchange gas to facilitate thermal conduction. The can was loaded in
a closed cycle refrigerator system. Diffraction measurements were carried out at
different temperatures near and below TS. To examine the impact of Au-doping
in greater detail, high resolution synchrotron x-ray measurements were performed
on two compositions: LaCu6 (monoclinic) and LaCu5.7Au0.3 (orthorhombic). The
measurements were carried out at beamline 11-BM of the APS at ANL using
synchrotron x-rays of wavelength λ = 0.413 Å. The samples were mixed with SiO2
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Figure 5.1: Orthorhombic lattice parameters (a) a, (b) b, (c) c in LaCu6−xAux at room
temperature. The lattice parameters were obtained from the Rietveld refinements
of laboratory x-ray diffraction measurements. The compositions x = 0 and 0.1 were
refined in monoclinic structure (space group: P21/c). All other compositions (x≥ 0.2)
were refined to the orthorhombic phase (space group: Pnma).
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powder in a molar ratio of 1:2 (for LaCu6) and 1:3 (for LaCu5.7Au0.3) to minimize x-
ray absorption. The finely ground mixtures were held in kapton tubes of diameter 0.8
mm for the measurements. The structural parameters were extracted from Rietveld
analyses of the diffraction patterns using the FullProf software suite[99].
My collaborators performed DFT calculations using the Perdew, Burke and Enz-
erhof (PBE) generalized gradient approximation[103] for LaCu6 with experimental
structures. Phonon calculations were performed with the Phonopy code[144] based
on underlying DFT calculations by the VASP code[145, 146]. Electronic structure
calculations were performed with the general potential LAPW method[146] as
implemented in WIEN2k[102, 147]. The calculations were done using well converged
basis sets. LAPW plus local orbital basis sets were used with LAPW sphere radii
of 2.3 bohr for La and 2.25 bohr for Cu. The electronic structure calculations
were performed using experimental lattice parameters for the orthorhombic and
monoclinic cells with fully relaxed internal atomic coordinates.
My collaborators performed heat capacity measurements of LaCu6−xAux(x= 0,
0.1, 0.2, 0.25, 0.27, 0.3, 0.32, 0.35, 0.4, 0.5, 0.6, 0.7) above 2 K in a Quantum Design
PPMS system.
5.3 Results
5.3.1 Neutron/x-ray diffraction
Figure 5.1 displays the compositional variation of the orthorhombic lattice param-
eters in LaCu6−xAux at room temperature. The substitution results in an overall
expansion of the unit cell due to the larger atomic radius of Au (covalent radius
= 144 fm) compared to Cu (covalent radius = 128 fm), which is typical for the
RCu6 family[7]. With an increase in Au-composition for (x ≤ 0.7), the b-parameter
decreases while a and c-parameter show a linear increase with x. The temperature
dependence of the lattice parameters in LaCu6−xAux (for x = 0, 0.125, 0.265, 0.275)
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Figure 5.2: Temperature dependence of the monoclinic lattice parameters (a) am, (b)
bm, (c) cm, and (d) βm in LaCu6−xAux.
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is shown in Fig. 5.2. For each composition studied, the lattice parameters increase
smoothly with temperature and no discontinuities were observed at TS, which is
consistent with the continuous nature of the phase transition.
The structural phase transition in LaCu6 was tuned by substituting Cu by
isoelectronic Au. At the structure transition, the lattice parameters transform from
orthorhombic to monoclinic symmetry as follows: a → cm, b → am, c → bm, and
βm denotes the monoclinic angle. In a diffraction measurement, the structural
phase transition is manifested by the splitting of some of the Bragg peaks*. The
temperature at which the peaks begin to separate is characterized as the transition
temperature (TS), as illustrated in Fig. 5.3(a). The shear strain acts as an order
parameter for the phase transition. Using the geometry of the Fig. 5.4, the shear
component of strain tensor can be written as[148],
em13 = em31 =
1
2
ems =
1
2
∆a
c0
(5.3)
or equivalently,
em13 =
1
2
cm
c0
cos(βm) (5.4)
where, c0 is the extrapolation of lattice parameter from the orthorhombic phase
into the monoclinic phase. Above TS, the shear strain is zero†. Hence, to determine
*The d−spacing corresponding to a reflection in orthorhombic and monoclinic geometry is defined
as,
1
d2orthorhombic
=
(
h2
a2
+ k
2
b2
+ l
2
c2
)
(5.1)
1
d2monoclinic
= 1
sin2βm
(
h2
a2m
+ k
2
b2m
+ l
2
c2m
− 2hl cosβm
amcm
)
(5.2)
In the orthorhombic structure, the d−spacing of each member of a Bijvoet pairs is equal. However, in
the monoclinic structure, for h 6= 0 and l 6= 0, the d−spacing for two Bijvoet pairs can be different.
Consequently, in a powder diffraction measurement, a structural Bragg peak that can be indexed by
(hkl) in the orthorhombic system separates into a pair of peaks which correspond to (kl-h) and (-klh)
in the monoclinic phase.
†In the orthorhombic notation, em13 translates into e21. Also, the component of stress tensor σ21 is
related to e21 by,
σ21 = c2121e21 (5.5)
where, c2121 is the elastic shear modulus, which is usually written in a contracted notation c66.
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TS for each composition, the values of cos2βm extracted from the analysis of the
diffraction data were extrapolated as a function of temperature (Fig. 5.3(b)). The
resulting transition temperatures in LaCu6−xAux are summarized in the phase
diagram shown in Fig. 5.5. A linear decrease in TS with Au-composition is observed.
Extrapolation of TS as a function of Au-composition shows that the phase transition
disappears at xc = 0.30(3) ‡. Further support for this value of xc and the presence
of a QCP is provided by the extrapolation of cos2βm at 20 K for each composition,
which yields xc = 0.28(Fig. 5.6) close to the value xc = 0.3 determined from directly
extrapolating TS.
Figure 5.7 displays room temperature synchrotron x-ray diffraction patterns with
the fits obtained from Rietveld refinements. In agreement with the compositional
dependence displayed in the phase diagram (Figs. 5.5 and 5.6), high resolution
synchrotron diffraction measurements at room temperature confirm that the crystal
structures of LaCu6 and LaCu5.7Au0.3 are monoclinic (P21/c) and orthorhombic
(Pnma), respectively. No impurity peaks were observed in synchrotron x-ray
diffraction measurements, consistent with phase pure samples. The structural and
goodness of fit parameters determined from the Rietveld analysis are presented in
Table 5.1.
The orthorhombic crystal structure of LaCu6 is similar to the structure of
CeCu6 shown in the Fig. 2.3. In the orthorhombic (Pnma) structure, the La occupies
a 4c site, whereas the Cu atoms are distributed among one 8d and four 4c sites. The
Au atoms in LaCu5.7Au0.3 occupy only a particular 4c site: Cu2 (0.146, 0.25, 0.139).
The same site preference was also observed in the related materials CeCu6−xAux[60]
and CeCu6−xAgx[86] and is attributed to the large volume of the Cu2 site[7]. At the
structural transition, the symmetry of all 4c sites remains unchanged, whereas the
orthorhombic 8d site separates into two monoclinic 4c sites due to the loss of the
mirror symmetry along the (100) plane.
‡Note that the statistical error bar on this extrapolation is very small, i.e., 0.004. A more realistic
upper bound for the error on xc is given by the interval between the final two compositions which is
0.025.
89
1
3
5
7
9
0 200 4000
1
2
3
100 200 300
2.10
2.15
2.20
T (K) 
 
 
d (Å
)
Inte
nsi
ty (
arb
. un
its)
(a) LaCu5.8Au0.2
 x = 0 x = 0.125 x = 0.265
 
 
T (K) 
(b) LaCu6-xAux
cos
2 
m (1
0- 4 )
Figure 5.3: (a) X-ray diffraction data showing the splitting of selected Bragg peaks at
the structural transition in LaCu5.8Au0.2. The following indexing scheme describes
the splitting of the peaks: (122)→(22±1), (220)→(20±2), (221)→(21±2). The peak
between (21±2) at low temperature is the orthorhombic (303) reflection, which
becomes the monoclinic (033) reflection (no splitting). The vertical dotted line
indicates the temperature where the peaks begin to separate. Note: Each pixel
represents a triangulation-based linear interpolation of the measurement performed
with 10 K steps in temperature. (b) The temperature dependence of cos2βm in
LaCu6−xAux determined from neutron diffraction data. cos2βm varies smoothly
with temperature near TS. For each composition, TS was estimated from a linear
extrapolation (red line) of cos2βm.
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Figure 5.4: The monoclinic ac plane (dotted parallelogram) showing the geometry of
a shear. The solid rectangle is the extrapolation of monoclinic ac plane when θ = 0
(no shear).
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Figure 5.5: Structural phase diagram of LaCu6−xAux. The open circle represents
the point where no structural phase transition is observed above 2 K. The statistical
error bars for TS are smaller than the symbol size. Linear extrapolation of TS with
temperature indicates xc = 0.3.
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Figure 5.6: The variation of cos2βm in LaCu6−xAux with Au-composition at 20 K.
An extrapolation (dotted red line) of cos2βm with Au-composition indicates that the
suppression of the monoclinic ground state occurs at x= 0.28.
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Figure 5.8: (a) Heat capacity data showing T3 behavior at low temperature for LaCu6
(x = 0) and LaCu5.7Au0.3 (xc=0.3). The solid lines are a fit to the data of the form
C = γT+βT3. (b,c) The variation of (b) β and (c) γ obtained from the fits to the heat
capacity measurements as a function of Au-composition. The vertical dotted lines
indicate the critical composition (xc = 0.3). In all panels, the values are reported per
formula unit.
95
The Rietveld refinement of LaCu5.7Au0.3 was carried out in various steps. In each
stage, Au atoms were either placed in one of the five different Cu sites or equally
distributed among them. A comparison between calculated and observed intensities
at different stages of the refinements indicates that the Au atoms in LaCu5.7Au0.3
exclusively occupy the Cu2 site located at (x/a = 0.146, y/b = 0.25, z/c = 0.139).
As presented in the Table 5.2, the best set of goodness of fit parameters, Rp, Rwp and
χ2, are obtained when the Au atoms are constrained to Cu2 site. Furthermore, the
refined occupancy of Au on Cu2 site is 0.31(1), which coincides well with the expected
value 0.3 (Table 5.1(b)).
5.3.2 Heat capacity
For all compositions studied, the low temperature heat capacity can be modelled
by the relation, C = γT+βT3[149], where γ and β capture the electronic and phonon
contributions to the heat capacity, respectively (Fig. 5.8(a). The phonon heat capacity
reaches a maximum value at xc as shown the Fig. 5.8(b). The electronic heat capacity
remains essentially independent of Au-composition (Fig.5.8(c)). The measurement
displays no signature of the structural phase transition as shown in the Fig. 5.9.
To check for an enhanced superconducting transition temperature at the critical
concentration over the 0.16 K Tc in LaCu6[150], an additional heat capacity
measurement of LaCu5.7Au0.3 was performed down to lower temperatures using a
PPMS with 3He insert. No superconducting transition was observed above 0.7 K.
The heat capacity data are consistent with the Debye model, as shown in Fig. 5.10.
5.3.3 Density Functional Theory Calculations
The phonon dispersions for orthorhombic structure (Fig. 5.11) show a clear
instability of ferroelastic character whereas phonon calculations for the monoclinic
phase (Fig. 5.12) find only stable modes consistent with the fact that this is the
ground state structure. Figure 5.11 shows the unstable transverse acoustic branch
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Table 5.1: Room temperature structural parameters of a) LaCu6 and b) LaCu5.7Au0.3.
The parameters are obtained from the fits to the diffraction patterns shown in Fig.
5.7.
a) LaCu6, space group = P21/c
am = 5.145643(2) Å, bm = 10.20915(4) Å, cm = 8.14498(3) Å, βm = 91.485(1)
RP = 13.4, Rwp = 15.3, χ2 = 2.9
Element Wyck. x/a y/b z/c B Occ.
La1 4c 0.2589(8) 0.4356(3) 0.2612(4) 0.69(4) 1
Cu1 4c 0.0082(12) 0.1884(6) 0.4377(7) 0.61(12) 1
Cu2 4c 0.2419(13) 0.1411(6) 0.1474(8) 0.82(12) 1
Cu3 4c 0.2467(13) 0.7544(6) 0.8170(8) 0.83(12) 1
Cu4 4c 0.2271(12) 0.6013(6) 0.5616(8) 0.82(12) 1
Cu5 4c 0.2514(13) 0.5148(6) 0.8995(7) 0.49(11) 1
Cu6 4c 0.4968(12) 0.1926(6) 0.4330(7) 0.62(11) 1
b) LaCu5.7Au0.3, space group = Pnma
a = 8.19617(6) Å, b = 5.13350(4) Å, c = 10.27211(2) Å
RP = 13.1, Rwp = 14.7, χ2 = 2.46
Element Wyck. x/a y/b z/c B Occ.
La1 4c 0.2611(4) 0.2500 0.4360(3) 1.05(4) 1
Cu1 8d 0.4361(5) 0.0029(10) 0.1897(5) 1.11(7) 1
Cu2 4c 0.1462(4) 0.2500 0.1391(3) 0.87(8) 0.68(1)
Au2 4c 0.1462(4) 0.2500 0.1391(3) 0.87(8) 0.32(1)
Cu3 4c 0.8180(8) 0.2500 0.7526(5) 1.04(11) 1
Cu4 4c 0.5614(9) 0.2500 0.6011(6) 1.18(11) 1
Cu5 4c 0.9040(7) 0.2500 0.5162(6) 1.09(12) 1
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Table 5.2: The goodness of fit parameters at different stages of Rietveld refinement
of LaCu5.7Au0.3. The best set of parameters (shown in bold) was obtained when the
Au atoms were constrained to the Cu2 site.
Au distributed in Rp Rwp χ2
Cu1-site 32.7% 39.6% 17.95
Cu2-site 13.4% 15.3% 2.9
Cu3-site 28.6% 37.5% 16.06
Cu4-site 26.9% 68.5% 53.71
Cu5-site 28.3% 34.5% 13.61
Equally distributed 22.7% 25.7% 7.54
Figure 5.9: Heat capacity measurement of LaCu5.75Au0.25. No anomaly is observed
near the structural phase transition (TS = 80(5) K). Inset is a zoom near TS .
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Figure 5.10: Heat capacity measurement of LaCu5.7Au0.3 showing Debye-T3
behavior at low temperatures (0.7 K ≥ T ≥ 3.5 K). The straight line (red) is the
fit of the equation C/T = γ+βT2 to the data.
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is found along Γ− X . This branch has an upward curvature, meaning that the
instability is a zone center elastic instability. There are no soft optic phonons. The
phonon softening calculated by DFT is in line with the softening of the transverse
acoustic mode observed in CeCu6 and LaCu6[43]. The transition is continuous and
originates from a zone center elastic instability, and may thus be termed ferroelastic,
although the switching in the low-T phase has not been observed and therefore
formally it is coelastic[151]. Further investigations to confirm ferroelasticity in
LaCu6−xAux are essential.
The electronic densities of states are very similar for the monoclinic and or-
thorhombic phases, as shown in Fig. 5.13. In particular there is no significant
change around the Fermi level, EF . Also, similar to prior calculations[152], the Cu
d bands are occupied and are located from approximately −5 eV to −1.7 eV with
respect to EF . The Cu bands therefore do no play a role in the low energy physics,
which instead depends on an electronic structure derived mainly from Cu and La s
states. The Fermi surface is derived from five bands that cross EF . As shown in Fig.
5.14, the Fermi surfaces are similar between the two phases. The calculated plasma
frequencies for the orthorhombic phase are Ωp 3.00 eV, 3.03 eV and 3.61 eV along a,
b and c-axes, respectively. The conductivity anisotropy, assuming isotropic scattering
rates, i.e. σ≈Ω2p is predicted to be isotropic in the a−b plane and 45% higher along
c. These values are similar for the monoclinic phase, i.e. a root mean square average
of 3.20 eV with a predicted conductivity having an isotropic plane and a conductivity
40% higher perpendicular to it. The Fermi level DOS is very similar between the two
phases: N(EF )=3.52 eV−1 and 3.37 eV−1 per formula unit for the orthorhombic and
monoclinic phases, respectively.
Figure 5.13 shows the electronic DOS for orthorhombic and monoclinic phases of
LaCu6. The Fermi surfaces of LaCu6−xAux are shown in Fig. 5.14. The electronic
densities of states are very similar for the monoclinic and orthorhombic phases.
In particular, there is no significant change around the Fermi level, EF . Similar
to the prior calculations[152], the Cu d-bands are occupied and are located from
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Figure 5.11: Calculated phonon dispersions of LaCu6 with the Pnma crystal
structure. The imaginary phonon mode frequency from Γ to X indicates the
instability of the orthorhombic structure.
101
Figure 5.12: Calculated phonon dispersion of LaCu6 with monoclinic (space group:
P21/c) crystal structure. All the phonon modes are stable with monoclinic structure.
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Figure 5.13: Electronic DOS of LaCu6 in orthorhombic and monoclinic phases.
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Figure 5.14: Fermi surfaces of LaCu6 in orthorhombic and monoclinic phases.
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approximately -5 eV to -1.7 eV with respect to EF and therefore do not play a role
in the low energy physics, which instead depends on an electronic structure derived
mainly from Cu and La s−states. The Fermi surface is derived from five bands that
cross EF and is similar in both two phases . The calculated plasma frequencies(Ωp)
for the orthorhombic phase are 3.00 eV , 3.03 eV and 3.61 eV along a, b and c,
respectively. The Fermi level DOS is very similar between the two phases: N(EF )
= 3.52 eV−1 and 3.37 eV−1 per formula unit for the orthorhombic and monoclinic
phases, respectively.
5.4 Discussion
Calculated phonon dispersions which show a zone center elastic instability provide
additional insights into the nature of the structural phase transition in LaCu6−xAux.
Such zone center symmetry lowering without other apparent long range orders
can reflect nematicity, associated with orbital or magnetic degrees of freedom as
has been suggested in the Fe-based superconductors, for example[139, 140, 141],
Pomeranchuk instabilities of the Fermi surface[153], or lattice instability due to
steric effects, i.e. under-bonding or poor matches between ion sizes and the lattice
structure. The electronic structure calculations presented here indicate that the
latter is the case in LaCu6.The electronic structure of orthorhombic and monoclinic
LaCu6 are very similar to each other in all respects, including the electronic structure
near EF . This implies that the phase transition is not driven electronically, e.g. by
an instability of the Fermi surface such as a density wave, as there is no substantial
reconstruction of the electronic structure associated with the transition.
As noted in the section 5.3.3, the electronic structure of orthorhombic and
monoclinic LaCu6 are very similar to each other in all respects including the
electronic structure near EF . This implies that the phase transition is not driven
electronically, e.g. by an instability of the Fermi surface such as a density wave, as
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there is no substantial reconstruction of the electronic structure associated with the
transition.
As noted above, another possible driver for a symmetry lowering is a Pomer-
anchuk instability of the Fermi surface[153]. Such a scenario would involve a
strong reconstruction of the Fermi surface, as in the Fe-based superconductors at the
nematic transition[154]. Transport coefficients were calculated using the BoltzTraP
code[155] and find very weak monoclinicity of these in the low temperature phase.
In particular the off-diagonal monoclinic component of the conductivity tensor with
constant scattering time is 4.8% of the average diagonal component, while the DOS
is hardly changed, and experimental evidence does not suggest sizable Fermi surface
reconstruction.
These results imply that the phase transition is not driven electronically, e.g. by
an instability of the Fermi surface such as a density wave, as there is no substantial
reconstruction of the electronic structure associated with the transition. A further
implication is that the structural transition does not couple strongly to electrons at
the Fermi energy, meaning that only weak effects in transport and other electronic
properties may be expected. Together the unstable transverse acoustic branch
along Γ− X and the decoupled electronic degrees of freedom are consistent with a
ferroelastic ground state in LaCu6. The variations of the transition temperature
upon substitution on the La and Cu site are consistent with the characterization
of the transition as a ferroelastic transition driven by size effects, specifically,
substitution of a larger atom on the Cu site behaves similar to the substitution of
a smaller atom on the La site[7], making a connection between the instability and
size mismatch, as opposed to chemical pressure, band-width, etc.
Having determined that the structural transition is elastic in origin and that the
electronic degrees of freedom are unimportant, thermodynamics properties with heat
capacity measurements were performed to understand the critical dynamics near the
QCP. Typically at a QCP, the energy scale associated with the critical fluctuations
vanishes resulting in an enhanced heat capacity as the QCP is approached–the
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softening of the transverse acoustic mode discussed above plays this role here. As
anticipated, a larger heat capacity is observed at the putative QCP in LaCu6−xAux
(Fig. 5.8(a)). The modest increase in the phonon heat capacity at xc is in line with
the softening of the acoustic mode along Γ− X . The softening of a single acoustic
mode is a small contribution to β which contains contributions from all thermally
accessible phonon modes. Interestingly, β is elevated for compositions larger than xc,
that is the orthorhombic region of the phase diagram directly adjacent to the QCP.
Measurements which directly probe the unstable acoustic mode would be particularly
useful to further illuminate this issue.
Recently, the (CaxSr1−x)3Rh4Sn13[116, 134] and the (CaxSr1−x)3Ir4Sn13[117]
series have been identified as systems that can be tuned to a displacive SQCP by
application of physical or chemical pressure. In an intriguing analogy with many
unconventional superconductors, the phase diagrams of these systems comprise a
dome of superconductivity peaked near an SQCP[134, 135, 156]. Furthermore,
the structural phase transition in these systems occurs with an abrupt change in
the Fermi surface associated with a charge density wave[117, 135, 136, 137, 138].
Hence, there is a clear distinction with the QCP in LaCu6−xAux where there is
no expectation (or evidence) that electronic degrees of freedom play an important
role or are affected in a significant way. Also, an elastic QCP is associated with an
instability of a acoustic mode rather than an optic mode as in the case of displacive
SQCP. Nevertheless, there are some similarities, for example, the phonon specific
heat is enhanced near the SQCP in LaCu6−xAux and somewhat more dramatically
in the stannides mentioned above[116, 117]. These observations indicate that the
elastic QCP studied here is fundamentally different from the displacive SQCP and
the LaCu6−xAux series appears to be an ideal candidate system to further probe an
elastic QCP without the complications of competing electronic phases.
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5.5 Conclusions
In conclusion, a continuous structural phase transition in LaCu6−xAux system was
suppressed via Au substitution. A phase diagram showing that the complete sup-
pression of the structural phase transition occurs for xc = 0.3 was constructed from
the results of x-ray and neutron diffraction measurements. The low-temperature
phonon contribution to the heat capacity rises at the critical composition, indicating
residual instability of the orthorhombic structure at low temperature. These obser-
vations indicate that the suppression of the monoclinic phase with Au-substitution
in LaCu6−xAux likely results in a QCP. DFT calculations support the idea that the
QCP in LaCu6−xAux arises from an elastic instability with no significant involvement
of electronic degrees of freedom. Further investigation of LaCu6−xAux should prove
invaluable in the elucidation of the fundamental properties of an elastic QCP.
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Chapter 6
Quantum criticality of CeCu6−xAgx
Some of the text and figures of this chapter are about to be submitted for publication
in a professional journal.
In this chapter, inelastic neutron scattering (INS) measurements of the critical
composition of CeCu5.8Ag0.2 are presented. A diffuse pattern of dynamic magnetic
scattering in CeCu5.8Ag0.2 is observed in the (h 0 l) scattering plane. The dy-
namic susceptibility over a large region of momentum transfers is fit by a single
phenomenological equation that yields E/T scaling with a fractional exponent of
0.72(1). The fit of the phenomenological equation provides a superior description
of the data compared with available theoretical models. Additional analysis of
the INS measurements reveals at least two magnetic fluctuations occurring at an
incommensurate and a commensurate wave-vectors, both of which are correlated in
three dimensions. The incommensurate component of the magnetic fluctuations can
be scaled as expected for the three dimensional HMM model.
6.1 Introduction
A QCP is on the verge of two distinct states of matter at zero temperature. Due to
the quantum nature of fluctuations coupled with the electronic degrees of freedom,
the fate of the system is determined by competition among different tendencies
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that are present at the QCP[121]. Hence, measurements that shed light on the
intricacy of the different tendencies in the system aids in understanding the QCPs.
In this context, the heavy fermion system CeCu6−xAgx is selected for a systematic
experimental investigation using INS measurements. This work demonstrates that
the observed spin dynamics reflect competing magnetic fluctuations, which results in
unconventional E/T scaling behavior.
The quantum critical behavior in the heavy fermion series CeCu6−xAux serves as
a prototype for metallic quantum criticality. However, several unique characteristics
remain unexplained. Of particular interest is understanding the origin of the
fractional exponent in the E/T scaling. As described in section 2.7, a debate regarding
the correct understanding of this experimental observation has risen, and several
theoretical proposals have been made[69, 75, 76, 78, 134]. With currently available
data, it is impossible to determine whether one of these proposals provides a superior
description or if an entirely different theory is required. Here, the problem of
CeCu6−xAux is approached in the study of a magnetically related series CeCu6−xAgx.
In CeCu6−xAgx, the magnetic QCP occurs at x = 0.2 (Fig. 4.5). In contrast with the
CeCu6−xAux and CeCu6−xPdx systems, the magnetic QCP in CeCu6−xAgx occurs in
the orthorhombic (Pnma) phase and no structural phase transition is observed at the
critical composition. The long range magnetic ordering takes place at the wave-vector
Q = (0.62 0 0.3), which is similar to that observed in CeCu6−xPdx and CeCu6−xAux.
Thus, the CeCu6−xAgx series presents an opportunity to study the QCP similar
to CeCu6−xPdx and CeCu6−xAux without the complications of a structural phase
transition. If the unconventional nature of QCP in CeCu6−xAux is the consequence of
the strains or disorder in the lattice due to the presence of nearby structural phase
transition, a detailed understanding of the CeCu6−xAgx system at the QCP would
provide additional insight for such study.
In this chapter, a detailed investigation of the critical behavior of CeCu5.8Ag0.2 us-
ing state of art INS spectroscopy (INS) is presented. The dynamic susceptibility
was measured as a function of temperature and energy transfers over a large area
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Figure 6.1: (a) A Single crystal of CeCu5.8Ag0.2 synthesized by the Czochralski
process. (b) Single crystal mounted in a copper sample holder prior to the INS
measurement. The sample is protected by an extra cover of copper foil which acts
as a heat shield to ensure the temperature of the sample is uniform. (c) Elastic
neutron scattering measurement showing structural Bragg peaks in (h 0 l) scattering
plane. All major Bragg peaks are visible and can be indexed. (d) Heat capacity
at zero magnetic field displaying a divergence of C/T at lower temperatures. The
measurement closely agrees with previous studies[14]. Solid lines are the fit of
functions shown in the Legend to the data.
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of reciprocal space, and a scaling analysis was performed on several theoretical
models. The dynamic susceptibility at various Qs are described by a single
phenomenological equation which quantitatively provides a superior description of
the measurements as compared to the equations derived on the basis of different
theoretical approximations. The measurements also reveal the presence of multiple
low energy fluctuations near the QCP, indicating that competing interactions play
a central role in the quantum critical behavior. When the fluctuation spectrum is
separated into two contributions, the fluctuations associated with the wave vector of
the magnetically ordered region of the phase diagram exhibit a scaling commonly
associated with the HMM theory. Ultimately, the competition between nearby
interactions in reciprocal space drives an exotic nature of the QCP which is beyond
the paradigm of the existing theoretical models.
6.2 Experimental Details
A single crystal of CeCu5.8Ag0.2 was grown using the Czochralski technique as
described in section 3.1.2. Figure 6.1(a) shows the single crystal synthesized by the
Czochralski process. The top and bottom part of the large single crystal was cut
for the EDS measurements, which confirm that both ends of the single crystals are
homogeneous and no compositional variation was observed. The crystal was aligned
in the (H 0 L) scattering plane using the alignment station (CG-1b) at the HFIR
of ORNL. The sample was mounted in a copper holder and was covered by a thin
foil of copper to minimize the loss of heat due to radiation (Fig. 6.1(b)). The elastic
slice of the neutron scattering measurements confirmed well-indexed nuclear Bragg
peaks, verifying the single crystallinity of the sample (Fig. 6.1(c)). A heat capacity
measurement was performed on the crystal in a Quantum Design PPMS with a 3He
option. Heat capacity at zero field shows a strong divergence of C/T with temperature
indicating that the sample is close to a QCP. The measurement is consistent with the
literature[14].
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INS measurements of CeCu5.8Ag0.2 were carried out on the CNCS of the SNS
at ORNL[11]. An incident energy of 2.5 meV was used, which provides elastic
energy resolution (FWHM) of 0.07 meV. The measurement was carried out at eight
different temperatures (0.25 K, 0.325 K, 0.5 K, 1 K, 2 K, 4 K, 25 K, 50 K). For each
temperature, the sample was rotated 110 degrees about the vertical direction in one
degree steps.
The data acquisition system at CNCS records the time of flight of each neutron.
The data in each detector pixel was converted into a four dimensional data set
containing the dynamical correlation function S(Q,ω), three components of momen-
tum transfer, and energy transfer using the computer program Mantid[157]. This
reduction process considers detector tube efficiency, normalizes the data to total
proton charge, and subtracts a time independent background. This reduction was
performed for each position of sample rotation angle. The set of S(Q,ω) for all
sample rotations was combined into a single dataset using the Horace suite software
[158]. Some preliminary analysis was also performed using the computer program
DAVE [159]. Using the combination of Matlab and Horace software, the data were
sliced into a two-dimensional color picture (for example, Fig. 6.2(a) ), or cut as a
one-dimensional plot along a selected energy or a momentum transfer axis.
6.3 Results
Before background correction, the constant energy slices within the energy interval
[0.2, 0.4] are shown in Figs. 6.2(a,b,c). Plots are shown in Figs. 6.2(d), 6.2(e)
and 6.2(f), which represent cuts along H, L, and energy axis, respectively. The
comparison of the slices and cuts shows that the intensity near Q = (1 0 0) decreases
with an increase in temperature, consistent with the assumed magnetic nature of
scattering. The magnetic scattering disappears or becomes significantly weaker
at 50 K. For all temperatures, a ring like structure is observed at low-Q regions
due to the low angle background of the instrument. The scattering along [0 0 L]
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Figure 6.2: (a) Constant energy slice at 50 K averaged over the energy range e
=[0.2,0.4] and k =[-0.2,0.2]. The scattering is mostly attributed to the background
from different sources in addition to weak magnetic scattering. The scattering at
Q = (1 0 ± 1), Q = (1 0 2), Q = (2 0 ±1) and Q =(0 0 2) is due to the low frequency
tail of the structural Bragg peaks. (b) The temperature dependence of cuts along
the energy axis at the wave-vector Q = (0 0 1.2). The intensity of the scattering
is independent of temperature. The Q independent background is taken from this
wave-vector. (c) Cuts along the energy axis at the wave-vectors Q = (1 0 1.2) and (1 0
2.5) at 50 K. The cuts at two wave-vectors are similar. (d) The cuts along energy axis
near the structural Brag peak Q = (2 0 0). The intensity of the scattering increases
at higher temperature due the thermal population of phonons.
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Figure 6.3: (a) Constant energy slice at 50 K. Note: this plot is a copy of Fig. 6.2(c).
(b) A constant energy slice obtained by replicating the cuts along L-axis. (c) Cuts of
constant energy slices(a,b) along the H-axis near (1 0 0). (d) Cuts of the constant
energy slices (a,b) along the L-axis near (1 0 0).
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is independent of temperature and energy transfers as shown in Fig. 6.2(g). The
scattering near Q = (0 0 1.3) is taken to be the non-magnetic background. As a check
of consistency, the intensities of the scattering at Q = (0,0,1.3) and Q = (1,0,2.5)
are compared. The intensities of the scattering being similar at two different regions
of the butterfly having different scattering angles provides greater confidence in the
choice of background. The background near the structural Bragg peak is affected
by phonons. As shown in Fig. 6.2(i), the intensity increases at higher temperature
near the structural peak (2 0 0), which is attributed to the thermal population of low
energy phonons. For the scaling analysis, the regions heavily affected by the phonons
or the low-Q background are discarded.
The non-magnetic background is taken from the scattering along the L-axis and
subtracted from the measurement. The energy dependence of the background is
determined from the cuts along the energy axis at the wave-vector QBG = (0 0
1.3). For the scaling analysis, a non-magnetic background shown in Fig. 6.2(g) has
been subtracted. The Q-dependence of the background can be obtained from the
measurement at 50 K. As shown in Fig. 6.3(a), the intensity near (1 0 0) is similar to
the intensity of scattering near QBG = (0 0 1.3), showing that the magnetic scattering
is almost completely suppressed at 50 K. The Q-dependence of the background can
also be replicated from the cut along the L-axis as shown in Fig. 6.3(b), and it
compares well with the 50 K measurement shown in 6.3(a). A clearer comparison is
presented in Figs. 6.3(c) and 6.3(d). This comparison reinforces the legitimacy of the
choice to use 50 K as the background. Furthermore, the 50 K measurements were
performed with the same experimental configurations (e.g, sample rotation angle,
cryostat, and sample orientation) and account for the non-magnetic background
created by the rotation of sample as well as unknown sources.
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Figure 6.4: Constant energy slices of the neutron scattering data for CeCu5.8Ag0.2 in
(h 0 l) scattering plane. (a-d) displays the energy dependence of the scattering at 0.25
K, and (e-h) displays the temperature dependence at 0.1 meV. In all panels, the data
collected at 50 K is used as the background and is subtracted from the data. Each
pixel in the plot represents the integrated intensity in the area of dimension (0.05)2
r.l.u.2.
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6.3.1 Dynamic Critical Scattering of CeCu5.8Ag0.2
Figure 6.4 shows the evolution of the magnetic scattering with energy and temper-
ature. Magnetic scattering is observed in the form of a diffuse pattern centered
at Q=(100). The resolution of the measurement at the elastic line is 0.07 meV.
The intensity of the scattering is maximum at the center. With an increase in
energy, the intensity of scattering decreases and scattering becomes more diffuse as
shown in Figs. 6.4(a-d). A qualitatively similar situation arises when temperature,
instead of energy transfer, is increased. As shown in Figs. 6.4(e-h), the pattern
of scattering remains essentially unchanged until 1 K but becomes more diffuse at
higher temperatures.
6.3.2 E/T-scaling
For a more quantitative analysis of the magnetic scattering, the INS measurement
was compared with the scaling equations derived from different models described in
the section 2.7. In this section, the scaling analysis with reference to the different
models is presented.
The imaginary part of dynamic susceptibility was extracted from INS measure-
ment using equation 3.19. A global fit of the scaling equations was performed to the
imaginary part of dynamic susceptibility taken from various Q,T,E. For the ease of
comparison, the scaling analysis for the different models were performed within the
same range of Q, E, T. The Q-dependent function is considered a fitting parameter
for each model. The data are plotted as the dimensional ratio E/T in the x-axis and
the quantity χ′′Tα in the vertical axis.
Phenomenological E/T
For a paramagnetic system, the Curie-Weiss law can be written in the form, [24].
χ(Q,E,T)= C
θ(Q−Q0)+ (T− iE)α
(6.1)
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where θ(Q −Q0) is a Curie-Weiss temperature that represents the wave-vector
dependence of the magnetic fluctuations. In mean-field theory, α = 1.
This equation yields E/T-scaling when the Weiss temperature θ(Q−Q0) is zero.
This result is only possible when Q = Q0 (i.e., at the critical wave-vector). Under
that condition, equation 6.1 can be written as,
χ(Q,E,T)=T−α C
(1− iE/T)α =T
−αg(E/T) (6.2)
where the scaling function g(E/T) depends only on the dimensionless ratio E/T. The
value of equation (6.2) is that the quantity χ T−α depends only on the dimensionless
ratio E/T despite the microscopic details of the system, and is thus termed E/T
scaling.
At T = 0, equation 6.1 reduces to another scaling equation.
χ(Q,E)= [θ(q)]−α C
(1− iE/θ(q))α = [θ(q)]
−αg(θ(q)/T) (6.3)
The fit of equation 6.1 yields α = 0.72(1). The measurement and fit for different
regions of the (h 0 l) scattering plane is presented in Fig. 6.5(a-c). Consistent with
equation 6.2, the susceptibility at different temperatures collapses onto a single
curve displaying an E/T scaling at the center of the diffuse scattering pattern, Q0
= (1 0 0) (Fig. 6.5(a)). The overlap becomes less pronounced as the magnitude
of q = (Q−Q0) increases. The deviation from the E/T-scaling at higher q is
captured by θ(q) of equation 6.1. The values of θ(q) as a function of q = |Q-Q0|
are presented in Figure 6.5(d), which shows that θ(q) varies quadratically near the
center of the pattern (q = 0). As an alternative test of the phenomenology, an E/θ(q)
scaling analysis was also performed at the base temperature of 0.25 K. The dynamic
susceptibility at the base temperature fits well with the equation 6.3 and the quantity
χ′′(θ(q))−α at different qs overlap into a single curve displaying an E/θ(Q) scaling.
This observation verifies that the measurement fits well with the phenomenological
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Figure 6.5: (a-c) Scaling analysis of the imaginary part of dynamic susceptibility
in different regions of reciprocal space. The solid lines are the fit of the
phenomenological equations 6.1 to the data. (d) The fit yields the q-dependent term
θ(q). Near q = 0, θ(q)≈ q2 (red line). (e) Dynamic susceptibility at 0.25 K scaled as
a function of E/θ(q). As anticipated from equation 6.3, the susceptibility at different
Qs collapse onto a single curve showing E/θ(q)-scaling. The solid line is the fit of
equation 6.3 to the data. (f) The variation in the goodness of fit parameter χ2 with
the scaling exponent α. The best fit is obtained near α=0.72.
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equation 6.1. The goodness of fit parameter is shown in Fig. 6.5(g), attesting that the
scaling exponent α = 0.72(1).
“local QCP” model
Fig. 6.6 displays the best fit of equation 2.15 to the data. As shown in Figure 6.6(a),
the fitted lines at different temperatures converge into a single curve displaying
an E/T scaling at the center of diffuse scattering. For all other Qs, the fitted
lines at different temperatures deviate from each other, and the deviation becomes
more robust as Q−Q0 increases (Fig. 6.6(a-f)). The deviation from E/T-scaling is
captured by the Q-dependent function f (Q−Q0) in equation 2.17, which appears
to be a quadratic function of (Q−Q0) near the center of the diffuse pattern(Fig.
6.6(a-f). The fit also yields the exponent α = 0.73(1), which is close to the expected
value[71, 72, 73].
While the fit of the scaling equation is close to the data at different temperatures,
and the Q dependence of the function f (Q) agrees with the “local” QCP model,
the scaling equation overpredicts the susceptibility as E ≈ T as compared to the
phenomenological equations.
Strong-coupling
The fits of equation 2.24 in different regions of the scattering plane are displayed in
Figure 6.7. Although the fits look very close to the data, the momentum dependent
variable S(Q−Q0) appears to be linearly dependent on Q−Q0, showing that the
scaling equation 2.24 does not describe the measurements (Fig. 6.8). The scaling
equation, however, fits well at the center of butterfly Q=Q0 = [100].
XY-dissipation
The Q-dependence of χ′′(Q) near Q= (1 0 0) is shown in Figure 6.9(a). The plot shows
that the width changes with energy transfer, which is consistent with the observation
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Figure 6.6: Scaling analysis of equation 2.15 to the data. (a-f) Measurement at
different temperatures scaled as a function of E/T. The solid lines are the fit of
equation 2.15 to the data. The fitted lines at different temperatures converge only
at the center of the scattering, Q = (1 0 0) and deviate away from the center. The
Q-dependent function in equation 2.15 is considered as a fitting parameter. (g) The
variation of f (Q−Q0) as a function of Q−Q0. Near Q0, the function is quadratic in
Q−Q0. (h) The goodness of fit parameter (χ2) as a function of scaling exponent, α.
The best goodness of fit parameter is obtained when α = 0.73(1).
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Figure 6.7: Scaling analysis with reference to the strong-coupling model. Solid lines
represent a fit of equation 2.24 to the data. The Q-dependent function S(Q−Q0) is
taken as a fitting parameter. Panels(a-f) represent different regions of the magnetic
scattering.
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Figure 6.8: Dependence of S(Q−Q0) on (Q−Q0). The values of S(Q−Q0) were
obtained from a global fit of equation 2.20 to the data as presented in FIg. 6.7.
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to the peak value. A fit of simple Lorentzian function was performed to estimate the
widths of the peaks. The change in the widths of the cuts is not expected from the
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Figure 6.10: Scaling analysis of Ag with reference to the XY-dissipation model. Each
panel corresponds to the wave-vectors in different regions of the scattering. The y-
axis is the dynamic susceptibility scaled by Fu(E/Ec)∝ 1p
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Figure 6.11: Variation of F(Q−Q0) obtained from the fit of the equation 2.29. The
fits are as presented in Fig. 6.10. The solid red line is fit of the Lorentzian function.
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that the scattering becomes more diffuse at higher energy and temperatures. The
Lorentzian widths of the cuts increase at higher energy transfers as shown in Figure
6.9 (b). The change in correlation length with energy transfer is not consistent
with the fundamental assumption of the XY-dissipation model, which states that
the fluctuations are separable in Q and E,T.
The fit of the scaling equation 2.29 is presented in Figure 6.11. Here, the cutoff
energy Ec and the Q-dependent function F(Q−Q0) are taken as a fitting parameter.
The fit of equation 2.29 to the data yields the Ec = 0.35(1) meV, which is close to the
cuttoff energy estimated for the related system CeCu6−xAux[160].
Summary of Comparison to Existing Theory
The observed E/T scaling with the exponent 0.72(1) implies a spectacular deviation
from the conventional HMM approach. Similar behavior is reported in the related
system CeCu6−xAux, and it has been portrayed as a poster child of these three QCP
models. As demonstrated earlier, the scaling equations derived from these models
were extensively tested with the measurement. While many aspects of these models
are tantalizingly close to the measurement, none of these models fits better than the
phenomenological E/T scaling. The superiority of the phenomenological equation as
compared to that of the theoretical models indicates that the existing theoretical
framework does not provide an adequate description of the critical behavior of
CeCu5.8Ag0.2.
6.3.3 Unveiling Competing Fluctuations
A central question concerning the nature of the quantum critical behavior in
CeCu6−xAgx is what type of spin-spin correlation(s) in real space gives rise to a
butterfly shaped pattern in the (h 0 l) scattering plane. The magnetic order in
CeCu6−xAgx propagates with the incommensurate wave-vectors Q1 = (0.65 0 ±0.3)
and is independent of Ag composition[86]. Hence, the critical scattering is generically
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expected at the wave-vector (0.65 0 ±0.3) and equivalent regions of higher Brillouin
zones (1.35 0 ±0.3). However, the correlations centered at these four spots neither
result in a butterfly shaped pattern nor justify the maximum intensity at the center
Q2 = (1 0 0). For a more quantitative understanding of these fluctuations, a sum of
two two-dimensional Lorentzian functions in the following form was used.
y= A
1+ (ξ∥ cos(θ)(Qh−Qh0))2+ (ξ⊥ sin(θ)(Ql −Ql0))2
(6.4)
Here, ξ∥ and ξ⊥ are the components of the real space correlation lengths along an
arbitrary axis and perpendicular to the axis. θ0 is the angle between the arbitrary
axis and [H 0 0] in the reciprocal space. The fluctuation is centered at the wave vector
Q = (QH0,0,QL0). θ measures the angle between the wave-vector q= (QH −QH0, 0,
QL−QL0) and the arbitrary axis. A sketch indicating the relative orientation of the
parallel and perpendicular components of the correlation length in reciprocal space
geometry is shown in Fig. 6.12.
The fit of equation 6.4 provides a good description of the data at all temperatures
and energy transfers. An example of the fit is shown in Fig. 6.13(b), which consists
of two two dimensional Lorentzians shown in Fig. 6.13(c) and Fig. 6.13(d). One
dimensional cuts are also shown in Fig. 6.13(e,f) for clarity. The quality of the fits
implies that another competing fluctuation is centered at the wave-vector Q2 = (1 0
0) and that the overlap of these two fluctuations renders a butterfly shaped pattern.
In real space, this observation refers to the presence of two similar tendencies by
which the system can achieve a magnetically ordered ground state. There is a
natural relationship between these two types of fluctuations, the fluctuation at (100)
reflecting the tendency for commensurate rather than incommensurate order. The
fit provides a good description of the data at all temperatures and energy transfers.
The measurement was also compared with equation 6.4 under different assump-
tions (Fig. 6.14). First, as is suggested in the literature[63], an assumption was
made that the fluctuations are two-dimensional in real space, i.e., the correlation
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Figure 6.12: Reciprocal space geometry showing the relative orientation of
correlation length vector ξ with the Q. ξ∥ and ξ⊥ are the parallel and perpendicular
components of correlation length vector. The parallel axis is at an angle θ0 from
reciprocal [H 0 0] axis (crystallographic a axis in real space). The fit of constant
energy slice yields θ0 = 71◦. The magnetic correlation is centered at Q0 = (Qh0, 0, Ql0.
Wave-vector Q = (Qh, 0, Ql) is a variable in the scattering pane.
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Figure 6.13: (a) Constant energy slice at 0.25 K averaged over an energy range e
=[0.15,0.25] after a 50 K background subtraction. (b) The parametrization of slice as
a superposition of two independent magnetic fluctuations shown in (c) and (d). (c)
Magnetic fluctuation centered at the Q =[0.65 0 0.3] and symmetry related regions.
Panel (d) The magnetic fluctuation centered at Q = (1 0 0). (e,f) Cuts along (e) (H 0
0) and (f) (0 0 L) axis each integrated within E = [0.15,0.25] meV. The red line is the
fit of two Lorentzian functions described in the text. The blue and green dotted lines
represent the contribution from the magnetic fluctuations centered at commensurate
and incommensurate wave-vectors, respectively.
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Figure 6.14: (a) Constant energy slice at 0.25 K cut within the energy interval of
e = [0.075,0.275]. A background collected at 50 K is subtracted from the data.
(b,c) The best fit of equation 6.4 to the Q slice obtained by (b) constraining the
correlation lengths to differ by an order of magnitude (c) without any constrains in
the correlation lengths. (d,e) Plots showing one dimensional cuts of slice (a,b,c). The
black circles represent slice shown in (a). The red and blue lines represent the cuts
of the pattern shown in (b) and (c), respectively.
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lengths along an arbitrary axis differ by an order of magnitude perpendicular to the
axis. And since the critical wave-vector in CeCu6−xAgx is Q1 = (0.65 0 ±0.3), the
intensity of critical scattering is expected to be maximum at (0.65 0 ±0.3) and (1.35
0 ±0.3). A fit of four two dimensional Lorentzians each centered at these four spots
of the (h 0 l) scattering plane was performed to the constant energy slice. To verify
the assumption that the fluctuations are two-dimensional, the correlation lengths
along the parallel and perpendicular axis are constrained to differ at least by an
order of magnitude. The best fit obtained under that assumption is shown in Fig.
6.14(b), which is clearly different from the measured slice shown in Fig. 6.14(a).
When the constraints on the correlation lengths are released, a slightly better fit is
obtained (Fig. 6.14(c)); however, the correlation lengths obtained from the fit are
in the same order of magnitude, ruling out the possibility that the fluctuations are
two dimensional in real space. For a clearer comparison between the fits and the
measurement, cuts along [H 0 0] and [0 0 L] are shown in Fig. 6.14(d) and Fig.
6.14(e).
This analysis clearly demonstrates that the picture of two dimensional fluctua-
tion is not sufficient to describe the measurement and, more importantly, that the
magnetic scattering in CeCu5.8Ag0.2 can not be described as a result of a single
fluctuation. Therefore, the approach presented in Fig. 6.13, which considers an
additional non-critical magnetic fluctuation, is the simplest model describing the
measurement. The scattering therefore can be parametrized as an overlap of two
fluctuations near a critical wave-vector Q1 = (0.65 0 ±0.3) and a non-critical term Q2
= (1 0 0). Under this assumption, the correlation lengths and the spectral weight of
each fluctuation are estimated from a fit of equation 6.4 to the constant energy slices
cut at different temperatures and energy transfers. The correlation lengths along the
parallel and perpendicular axis are in the same order over the entire spectrum (Figs.
6.15(b,c)). However, the fluctuations near Q2 is gapped with an energy transfer of 0.3
meV (Fig. 6.15(d)). The correlation lengths of Q2 along a and c-axis are in the same
order, meaning that the magnetic fluctuations are three dimensional.
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Figure 6.15: Spectral weights and the real space correlation lengths extracted from
the fit of a two dimensional Lorentzian function. (a) The spectral weight of the
fluctuations centered at an incommensurate wave-vector Q1 = (0.65 0 ±0.3) (b,c)
Real space correlation lengths along (b) parallel and (c) perpendicular to the axis.
(d) Spectral weight of the non-critical fluctuations centered at Q2 = (1 0 0). Subplot
(e) and (f) are the real space correlation lengths along the a and c-axis of crystal
structure.
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As shown in Fig. 6.15 fluctuations at Q1 are quasielastic, whereas Q2 appears to
be inelastic with a small energy gap, suggesting that Q1 is the only mode that goes
critical at the QCP. The critical component is expected to be at the incommensurate
wave-vector Q1 based on the previous neutron diffraction measurement that shows
CeCu6−xAgx orders only at the wave-vector close to Q1[86]. The non-critical fluctu-
ation Q2 may be a vestige of the parent compound CeCu6 in which strong magnetic
fluctuations are observed near Q2 with a similar energy scale as determined from
the analysis of the QCP composition[47, 48]. Thus, it is not entirely unexpected that
dynamic magnetic scattering occurs near both wave-vectors Q1 and Q2 as the QCP
is situated at the borderline of two different phases at zero temperature.
Since the magnetic scattering in CeCu5.8Ag0.2 comprises the critical fluctuations
at Q2 in addition to a non-critical mode Q1, an interesting question is how the critical
part of dynamic susceptibility scales as a function of energy and temperature. Since
the critical part of the fluctuations is three dimensional, conventional SDW theory
predicts that the critical dynamic susceptibility can be scaled as a function of E/T3/2.
Indeed, an E/T3/2-scaling is observed in the critical part of the dynamic susceptibility.
As shown in Fig. 6.16(a), the quantity χ′′T3/2 at different temperatures collapses
into a single curve. The critical part of the spectrum fits well with the equation
χ′′ = T−3/2 f (E/T3/2), which illustrates that certain aspects of the critical behavior of
CeCu6−xAgx is consistent with the HMM model.
Competing magnetic fluctuations appear to be a common feature among Ce-
based QCPs. CeCu6−xAgx, nonetheless, clearly differs from the remaining Ce-
based QCPs that the competition is between nearby fluctuations in the reciprocal
space. A remarkably similar situation is also reported in the heavy fermion system
YbRh2Si2, in which ferromagnetic fluctuations appear to compete with slightly
incommensurate antiferromagnetic fluctuations and anomalous behavior such as
logarithmic divergence of C/T as well as E/T scaling of total dynamic susceptibility
observed near the QCP[161, 162] –similar to CeCu6−xAgx and CeCu6−xAux. While
it is not clear why the two fluctuations result in an E/T scaling, it can be
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Figure 6.16: Scaling analysis of the critical dynamic susceptibility with reference
to the conventional approach provided by HMM. The critical part of the dynamic
susceptibility is extracted from the fit of a sum of two overlapping Lorentzians as
shown in Fig. 6.13.
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speculated that the frustration due to strongly competing ground states results in
an unconventional scaling behavior. As is shown in Fig. 6.13, the spectral weights
of the competing fluctuations in CeCu5.8Ag0.2 are roughly equal, showing that the
ground states are nearly degenerate. Such degeneracy indicates a strong competition
between two similar magnetic ground states; hence, the frustration resulting from
the strong competition gives rise to an exotic nature of the QCP. This situation is
somewhat similar to the geometrically frustrated systems in which the magnetic
frustration gives rise to an E/T scaling and a fractional exponent[163]. However,
other possibilities can not be ruled out from the analysis; for instance, a quantum
Lifshitz point arising from a large number of degenerate ground states (instead of
two) can possibly lead to the unconventional behavior in CeCu5.9Au0.1.
6.4 Conclusions
In conclusion, an extensive series of INS measurements of CeCu6−xAgx at the critical
composition was performed as a function of temperature, energy and momentum
transfers. The dynamic susceptibility near the QCP displays E/T scaling with an
anomalous exponent of 0.72(1). The observed E/T scaling is tantalizingly close to
a number of different theoretical frameworks, although a simple phenomenological
equation provides the best description, suggesting that the existing theoretical
approaches are not sufficient to describe the quantum critical phenomenon. The
analysis over a large area of the reciprocal space shows that the spectrum comprises
of two competing magnetic fluctuations with similar spectral weights. The critical
part of the fluctuations display E/T3/2 scaling, demonstrating that some aspects
of the critical behavior in CeCu5.8Ag0.2 is consistent with the conventional three
dimensional antiferromagnetic QCP.
137
Chapter 7
Conclusions and Overview
This dissertation presents a thorough investigation of the structural and magnetic
properties of CeCu6−xTx (T = Ag, Pd) and LaCu6−xAux. These series are closely
related to the well-known heavy fermion series CeCu6−xAux. Literature suggests
that both CeCu6−xAgx and CeCu6−xPdx host a magnetic QCP and display similiar
thermodynamic properties.
Using neutron and x-ray diffraction measurements, I have shown that there is
a clear distinction in the doping dependence of the structural phase transition in
CeCu6−xAgx and CeCu6−xPdx series. In CeCu6−xAgx, the structural phase transition
can be suppressed with Ag-composition, whereas in CeCu6−xPdx, the structural
phase transition remains unperturbed by Pd-substitution. Despite this distinction
in the structural properties, the magnetic properties in these series are very similar.
This suggests that the role of structural degrees of freedom is minimal in the
evolution of long range magnetic order in these series.
The non-magnetic analogue LaCu6−xAux has shown the promise of hosting an
elastic QCP – a fundamentally new type of quantum critical phenomena that has
been theoretically predicted but never been experimentally realized. The elastic
QCP paves a way to a new avenue of investigations into the expanded realm of
QCPs that goes much beyond the scope of magnetic QCPs. Furthermore, DFT
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calculations for LaCu6 suggest that the role of electronic charge is minimal and is
decoupled from the elastic properties. Hence, the LaCu6−xAux series appears to be
particularly attractive for further investigations of purely elastic QCP. While the
notion of the elastic QCP is still emerging, some of the topical questions that remain
open are: How does the characteristics of an elastic QCP differ from the magnetic
counterparts? Is there a room in Landau-Ginzburg-Wilson framework to describe
the elastic QCPs? The answer of these questions will advance the understanding of
the quantum critical phenomena.
INS measurements of the critical composition CeCu5.8Ag0.2 have provided novel
insights into the E/T scaling and the unconventional QCP. One interesting aspect
of this investigation is that a simple phenomenological model describes the data
in a superior way than the equations derived within the framework of available
theoretical models. The superiority of the phenomenological equation suggests that
an alternative to existing theoretical models is needed. Hence, a more rigorous
approach in understanding the E/T scaling is essential.
Our investigation offers additional insights into the longstanding puzzles in
CeCu6−xAux. An important result of this study is to unveil the presence of a
commensurate magnetic fluctuation in addition to an incommensurate fluctuation.
The overlap of these fluctuations give rise to a strange pattern of magnetic scat-
tering, commonly referred as a “butterfly” in earlier studies. The fluctuations are
three dimensional. A careful analysis of these fluctuations shows that only the
incommensurate fluctuations appear to be critical at the QCP and are germane to
the scaling analysis. When the critical part of the fluctuation is scaled, the dynamic
susceptibility conforms to the predictions of a three dimensional SDW QCP. These
observations demonstrate that the unconventional behavior is driven by competing
fluctuations.
This analysis however leaves an interesting theoretical question as to why the
E/T scaling works well as it does. Probably, the easiest interpretation of this
observation is that a fortuitous overlap of two competing fluctuations results in an
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E/T scaling. However, there are other possibilities that can not be ruled out from this
analysis. For example, there can be a continuous change in the critical wave-vectors
that give rise to a quantum Lifshitz point. The next prominent possibility is that
the E/T arises from a strong competition of nearly degenerate fluctuations or the
inherent disorder in the system. Further studies to illuminate the role of additional
magnetic fluctuations in the exotic character of CeCu6−xAux and CeCu6−xAgx would
be beneficial in the overall understanding of quantum critical phenomena.
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